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ABSTRACT
Enlarged nuclei have been frequently observed as an early carcinogen-induced 
change in both cultured cells and in target tissues in vivo. The purpose of this project was to 
examine the occurence of nuclear enlargement in the upper respiratory tract of rats to 
provide further evidence of whether nuclear enlargement is a reliable marker of 
carcinogenesis, and if it could be used a short-term test for respiratory carcinogens.
The first approach to this problem was to use an in vivo model. Carcinogen-induced 
nuclear enlargement is best demonstrated when the tissue involved has been undergoing 
rapid replication. Rats were thus concommitantly exposed to sulphur dioxide by inhalation 
(which causes a hyperplastic response in the nasal cavity) and an iV-nitrosamine i.p. 
(nitrosopyrrolidine, nitrosomorpholine, nitrosopiperidine or nitroso-di-/i-propylamine) 
known to cause nasal tumours in rats following systemic administration. Sections were 
prepared from the nasal cavity and nuclear areas were measured. There were some 
increases in nuclear size 24 and 72 hours after the start of treatment. This effect had been 
reversed 120 hours after treatment.
Attempts were also made to study the effects of carcinogens in cultured respiratory 
epithelial cells. The culture of nasal turbinate cells (either as tissue cultures or as primary 
cell cultures) was unsuccessful, however tracheal rings and tracheal epithelial cells were 
cultured. In both these model systems the epithelial cells grew rapidly, and so no further 
treatment was necessary to induce a hyperplastic response. Exposure of tracheal rings to 
benzo(fl)pyrene failed to produce any nuclear enlargement during the time period 
examined. This was expected as benzo(o)pyrene is not tumourigenic in rat trachea in vivo. 
Nitroquinoline-iV-oxide and dimethylnitrosamine are both potent carcinogens in the 
respiratory tract and induced nuclear enlargement. A number of carcinogens and non­
carcinogens were also tested for their ability to induce increases in nuclear size in primary 
tracheal epithelial cell cultures. The results obtained were generally in agreement with the 
tumourigenicity of the test chemicals. The exception to this was benzo(a)pyrene which 
produced a significant increase in nuclear size.
This project appears to provide evidence that exposure to carcinogens can lead to 
increased nuclear size in the respiratory tract of rats, above that produced by a 
concommitant hyperplastic control, and that this may be useful as a tissue-specific short­
term test for carcinogens. The relationship between nuclear enlargement, increases in 
nuclear DNA content and the process of carcinogenesis is discussed.
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1. INTRODUCTION
Cancer is the product of a process involving complex interactions between 
environmental and endogenous factors. It is manifested by the uncontrolled proliferation 
of cells that have sustained heritable alterations. The cause of some cancers is still 
unknown, but it is well established that some cancers are due to radiation, viruses or 
chemicals (Higginson & Muir, 1981). Control of exposure to these environmental factors is 
important since they represent the only areas where measures can be applied in cancer 
prevention. This is particularly challenging because of the very large variety of chemicals in 
our environment. These include pharmaceuticals, food additives, pesticides and petroleum 
products, with additional chemicals being introduced every year. Since many of these 
chemicals can become airborne, studies into their possible effects via the inhalation route 
have a major importance.
As the normal entrance to the respiratory tract, the nasal cavity is one of the first 
targets for airborne chemicals, and so an important barrier impeding their progress into 
lower parts of the respiratory tract. It thus has a protective function which it provides by its 
intricate structure and large surface area, that encourage the impaction of large particles, 
and its epithelial lining, rich in mucous and ciliary cells, promotes the clearance of these 
particles. Its extensive vasculature aids the absorption of chemicals and reduces the risk of 
pulmonary insult. If a chemical has penetrated the defences of the nasal cavity, it then 
comes into contact with the tracheobronchial epithelium and alveloi.
The tracheobronchial epithelium is the tissue of origin of the majority of human 
lung cancers (Galofre et al., 1965; Askin & Kaufman, 1985). In 1986, cancer of the trachea, 
bronchus and lung accounted for 25% of cancer deaths and 16.5% of all deaths in England 
and Wales (Office of Population Censuses & Surveys, 1988). There is no doubt that the 
greater part of all human lung cancer is caused by the inhalation of cigarette smoke, which 
is known to contain several carcinogens and promoters or co-carcinogens (Pilotti et al.,
1975). Epidemiological evidence also implicates occupational exposure to a variety of 
carcinogens as a major cause of respiratory cancer (Frank, 1978). These materials include 
nickel, arsenic, asbestos and chloromethyl ethers. Environmental factors may also augment 
the oncogenicity of chemical carcinogens by acting as cocarcinogens and/or promoters. For 
example, exposure to a non-carcinogen, sulphur dioxide, may be associated with an 
increased risk of cancer due to arsenic (Lee & Fraumein, 1969).
The only generally acceptable way to assess the carcinogenic potential of a chemical 
is to carry out animal tests, but these take a long time to complete and are expensive, so
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that alternative methods are continually being sought. The current work has been 
undertaken with the view of providing some rapid methods to detect the carcinogenic 
potential of chemicals that are likely to be inhaled.
1.1 Definitions of Classes of Carcinogens
Chemical carcinogens can be operationally defined by their ability to induce 
tumours. Types of response which are generally accepted as indicative of tumourigenesis 
include (i) an increased incidence of the tumour types in test animals compared with 
controls, (ii) the occurance of tumours earlier than in controls, (iii) the development of 
tumour types rarely seen in controls, and (iv) an increased multiplicity of tumour types 
compared with those seen in controls (Weisburger & Williams, 1982). Chemicals capable 
of eliciting such responses (carcinogens) comprise an extremely diverse group of agents 
including organic and inorganic chemicals, solid-state materials, hormones and 
immunosuppressants. Weisburger & Williams (1980) have divided chemical carcinogens 
into genotoxic and non-genotoxic (epigenetic) carcinogens depending upon their ability to 
interact with DNA. These have been further divided into eight classes, depending upon 
their mechanisms of action (see Table 1.1).
Genotoxic carcinogens include agents which function as electrophilic reactants, as 
well as carcinogens which give rise to DNA damage through the formation of free radicals, 
either from their own structure or from the alteration of tissue macromolecules (e.g. lipid 
peroxides). Genotoxic carcinogens may be further divided into activation-dependent and 
activation-independent agents. Some inorganic materials (e.g. nickel, titanium, chromium) 
have also displayed DNA-damaging potential and produced tumours. These, then, may be 
labelled genotoxic agents. The exact mechanism of metal carcinogenesis is unknown but 
there are indications that they may interfere with the fidelity of DNA polymerases 
(Sunderman, 1984).
Activation-dependent carcinogens comprise a diverse range of materials. The 
precursor agents can be grouped in the following classes (Wright, 1980): polynuclear 
aromatic and heterocyclic hydrocarbons; aromatic and heterocyclic primary, secondary and 
tertiary amines and azo dyes; nitroaryl and nitrofuran compounds; nitrosamines; 
nitrosocarbamates; alkyltriazines; dialkylhydrazines; acetamide; thioamides; carbamates; 
some chlorinated hydrocarbons; natural products (e.g. safrole, mycotoxins, bracken fern 
carcinogen). All of these contain no genotoxic properties per se but are converted into 
genotoxic agents in susceptible organisms. The mechanisms whereby chemical carcinogens 
are activated are complex and may involve one or more metabolic steps. The chemicals 
(precarcinogens) are converted to intermediate metabolites (proximate carcinogens) that
Table 1.1
Classification of Chemical Carcinogens
Carcinogen Class Mode of Action Example
Genotoxic
Activation-independent Electrophiie, interacts 
with DNA
Ethylene imine, bis- 
(chloromethyl)ether
Activation-dependent Requires metabolic 
conversion
Benzo(a)pyrene,
Dimethylnitrosamine
Inorganic Selective alteration in 
fidelity of DNA
replication
Nickel, chromium
Non-genotoxic
Solid-state Exact mechanism 
unknown; physical 
form vital
Plastics,
asbestos
Hormone Alters hormone balance; 
often acts as a 
promoter
Estradiol
Immunosuppresor Stimulates pre-existing
neoplasms
Azathioprine
Cocarcinogen Enhances or modifies 
effects of genotoxic 
carcinogens when given 
concommitantly
Phorbol esters, pyrene, 
catechol, ethanol, 
S0 3
Promoter Enhances effects of 
genotoxic chemicals 
when given subsequent 
to carcinogen exposure
Phorbol esters, phenol, 
anthralin, bile acids
Unclassified
Peroxisome
proliferators
Non-genotoxic chemicals 
of unknown mechanism
Clofibrate 
Phthalate esters
Miscellaneous Appear to have some 
effect on DNA but 
mechanism unsure
Dioxane, thioamides
are the precursors of the ultimate reactive molecules (ultimate carcinogens).
Activation-independent chemical genotoxins (e.g. alkylating agents) possess the 
intrinsic properties necessary for interaction with critical cellular targets, thereby initiating 
the genotoxic response. Examination of the structures of ultimate carcinogens has lead to 
the generalisation that such agents are strong electrophiles, mainly alkylating and arylating 
agents, although some carcinogenic acylating agents are known (Miller & Miller, 1976).
There are also a number of carcinogenic materials that are classed as non-genotoxic 
(examples are plastics, asbestos and hormones) whose structures do not suggest an obvious 
reactive form. These materials do not interact with DNA and are not mutagens. Possible 
mechanisms of action may involve cytotoxicity and chronic tissue injury through 
intracellular generation of reactive species, hormonal imbalance, immunological effects or 
promotional activity. In some cases, these agents could indirectly cause genetic alterations 
and neoplastic conversion by means of the production of inaccurate DNA synthesis, 
reactive oxygen free radicals, aberrant méthylation and chromosomal abnormalities 
(Williams etal., 1983; Holliday, 1987). Many of these may facilitate tumour development 
by cells that are either genetically altered or have been independently altered by genotoxic 
carcinogens.
1.2 Metabolism of Carcinogens - Generation of Active Chemical Species
As stated above, carcinogens comprise a wide range of structurally unrelated 
chemicals, but most of these are lipophilic at physiological pH. The efficient excretion of 
these lipophilic compounds by mammals necessitates their conversion into more 
hydrophilic forms by a series of chemical and biochemical reactions. These reactions can 
be mediated simply by body water, by cellular chemicals or by enzymes. Many of these 
reactions are intended to detoxify the xenobiotic, however, occasionally, these metabolic 
reactions may activate the chemical to produce electrophilic reactants (Miller & Miller,
1976). The elucidation of specific pathways involved in carcinogen metabolism and the 
identification of covalently bound adducts has constituted a large portion of the effort in 
the field of chemical carcinogenesis during past years (Yuspa & Poirer, 1988).
The reactions can be divided into two types: phase I and phase II. Phase I reactions 
are generally oxidation, reduction and hydroysis, but they may also add or expose 
functional groups (e.g. -OH, -COOH, -NH2). These functional groups then permit the 
compound to undergo phase II reactions. Phase II enzymes catalyse biosynthetic reactions 
where the xenobiotic (or phase I-derived metabolite) is covalently linked to an endogenous 
moiety (e.g. glucuronic or sulphuric acid). Potentially reactive electrophilic centres in the
substrate may be conjugated with glutathione. This promotes the secretion or transfer of 
the conjugation products across hepatic, renal and intestinal membranes. The enzymes 
responsible for metabolising xenobiotics exist in virtually all tissues in all species, but in 
differing amounts and often with a specificity for certain substrates. It is this feature that 
often accounts for the organ specific localisation of the action of individual chemical 
carcinogens. Carcinogens are active at specific sites under certain conditions because of the 
presence of the necessary activation systems (Herbert, Kimura & Gonzalez, 1985).
Most carcinogens requiring metabolic activation are metabolised by the 
"cytochrome P-450" (or mixed-function oxidase) family of enzymes. Cytochrome P-450 
activity has been measured in a wide variety of tissues from a number of different species 
(White & Coon, 1980). These enzymes are composed of NADPH-cytochrome P-450 
reductase and a haemoprotein, cytochrome P-450. They require NADPH as a cofactor and 
utilise molecular oxygen for their oxidative activity, but their substrate specificities differ 
(Coon , 1980). These enzyme systems are present in most mammalian tissues, the 
highest activity occuring in liver. In bacteria, and most cultured mammalian cells, the 
mixed-function oxidase activity is absent or very low. They are therefore not capable of 
activating carcinogens at a significant rate. Insects have a complex metabolic capability and 
appear to activate a range of carcinogens. Yeasts also have limited metabolic capability.
Although the mixed-function oxidases of the endoplasmic reticulum have been best 
characterised, the nucleus also contains some of these enzyme systems (Bresnik, 1980). The 
generation of the ultimate carcinogen within the nucleus in close proximity to DNA, may 
be more important than activation in the cytoplasm. The possibility also exists that 
proximate carcinogens are formed in the endoplasmic reticulum and are converted into 
ultimate carcinogens in the nucleus.
The general types of reactions catalysed by the P-450 system include aliphatic and 
aromatic hydroxylation, epoxidation, N-, O- or 5-dealkylation, deamination, N- 
hydroxylation, sulphoxidation, desulphuration and oxidative dehalogenation (Sipes & 
Gandolfi, 1982). The primary oxidation of P-450 system may activate the carcinogen. For 
example, dimethylnitrosamine is hydroxylated to an unstable intermediate. This 
decomposes to form formaldehyde and a methyl diazonium hydroxide ion. This yields the 
highly reactive carbonium ion, which is the postulated ultimate carcinogen (Pegg, 1980). 
Similarly, fl-hydroxylation is believed to occur in the activation of other nitrosamines 
(Farrelly & Hecker, 1984).
Cytochrome P-450 may also catalyse the reductive metabolism of certain chemicals
including azo reduction, aromatic nitro reduction and reductive dehalogenation (Sipes & 
Gandolfi, 1982). These reactions most readily proceed under conditions of low oxygen 
tension. Reductive metabolism may detoxify a xenobiotic but it often results in more toxic 
products or reactive intermediates. For example, the hepatotoxicity observed after 
treatment with carbon tetrachloride or halothane is due to the reductive metabolism of 
these chemicals (King, 1987).
A second phase I oxidative enzyme system present on the endoplasmic reticulum, is 
the flavin-containing monoxygenase (mixed function amine oxidase), capable of oxidising 
nucleophilic nitrogen and sulphur atoms (Damani, 1988). As with the P-450 
monooxygenases, the flavin-containing monooxygenases exist in several forms with 
overlapping substrate specificities, and the relative proportions of these isozymes vary in 
tissues within and between species (Damani, 1988).
Mammalian tissues also contain a large number of non-specific esterases that can 
hydrolyse ester and amide linkages. Approximately 10 to 15 of these exist in every 
mammal, all with differing specificities. Both cytosolic and microsomal forms of the 
enzymes exist in all tissues but the highest activity appears to be in the liver endoplasmic 
reticulum (Heymann & Mentlein, 1988).
Epoxides may be metabolised by one of two routes. Cytosolic glutathione-S- 
transferases catalyse the addition of glutathione to the epoxides to yield glutathione 
conjugates (Chasseaud, 1979). Epoxides may also be further metabolised by epoxide 
hydrolase which is present on the endoplasmic reticulum (Oesch, 1980) as well as in the 
cytosol (Hammock, Ratcliff & Schooley, 1980) in many tissues and in rat liver nuclei 
(Timms etal., 1987). This enzyme usually detoxifies the electrophilic epoxides by 
converting them into diols, but with some substrates it may yield a proximate carcinogen. 
For example, the hydration of benzo(a)pyrene-7,8-epoxide by epoxide hydrolase can be 
considered an activation step. The diol derivative (7,8-dihydroxy-7,8- 
dihydrobenzo(a)pyrene) can be epoxidated by P-450 to yield 7,8-dihydrodiol-9,10-epoxide, 
the ultimate carcinogen (Conney, 1982). This, and other reactive diol epoxides of polycyclic 
aromatic hydrocarbons, are poor substrates for epoxide hydrolase.
Conjugation can be with glucuronic acid by the action of a membrane-associated 
enzyme, glucuronyltransferase (Bock, 1988). The glucuronyltransferases are a family of 
differentially inducible isozymes with different but overlapping substrates. This is 
quantitatively the major pathway of xenobiotic or phase I metabolite detoxification, but 
may determine the site of toxicity. For example, the bladder carcinogen^-napthylamine is
oxidised in the liver to A-hydroxy-2-naphthylamine and then glucuronidated to an N- 
glucuronide. The conjugate is transported to the kidney and actively secreted. In slightly 
acidic urine, the glucuronide decomposes and the resulting hydroxylamine is protonated to 
a reactive nitrenium ion which may be an ultimate carcinogen (Bock, 1988).
The activation of 2-acetamidofluorene further illustrates how phase II metabolism 
may activate a carcinogen. The activation of 2-acetamidofluorene commences with N- 
hydroxylation. This step is obligatory for the formation of the proximate carcinogen, 
further activation being required for the production of the electrophilic species (Lenk, 
1988). N-hydroxy-2-acetamidofluorene can then conjugate with sulphate via the action of 
sulphotransferases (Jakoby et al., 1984). This reaction occurs in the cytosol of most tissues. 
In most cases the sulphate is activated to form the co-factor of the enzyme 3’-phospho- 
adenosine-5'-phosphosulphate (PAPS; Mulder, 1984). The sulphate conjugate is unstable 
and spontaneously converts to A-acyl-arylamidonium ion which reacts with nucleophiles. 
Alternatively, the N-hydroxy-2-acetamidofluorene can be converted by cytosolic N- 
acetyltransferase to N-acetoxyarylamine which spontaneously cleaves to a N-arylnitrenium 
ion (Lenk, 1988).
Within the body, the relative activities of activation and detoxification pathways 
determine the response to exposure to a carcinogen. In the case of exposure to a direct 
acting carcinogen, the level of the deactivating enzymes is important. In the case of an 
activation-dependent carcinogen the balance between the activating and deactivating 
enzymes is important. The activities of the enzymes will depend on the chemical structure 
of the agent, and are subject to many variables that are a function of this structure or the 
genetic background (Nebert, 1980), sex and endocrine status (Kato, 1974), age (Toth,
1968), diet (Reddy et al., 1980) of the animal, and microbial environment (Miller et al., 
1979) and the presence of other chemicals (Coon, 1980). Only a small percentage of a dose 
of a carcinogen will eventually react with DNA. The possibilities for the disposition and 
actions of a genotoxic procarcinogen are shown in fig. 1.1. The reactive metabolites formed 
in phase I and II reactions may undergo detoxification reactions and be excreted, or they 
may react with nucleophiles non-critical to the carcinogenic process, which are in 
competition with the critical nucleophiles, especially DNA. Any DNA that does react with 
a chemical may also be removed (section 1.3.3).
1.3 DNA. Mutagenesis and Carcinogenesis
1.3.1 DNA Adducts
Cancer is heritable at the cellular level (i.e. the progeny of the division of neoplastic 
cells inherit the neoplastic potential). The formation of DNA adducts of chemical
Procarcinogen
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air
detoxification
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DNA noncritical
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fig. 1.1: Representation of the biochemical reactions involved in the metabolism of a 
genotoxic carcinogen to produce a tumour
carcinogens provides one such mechanism for induction of a permanant genetic change 
which could lead to a heritable change in some aspect of growth control or differentiation 
exhibited by cancer cells (Magee, 1983). Other evidence for DNA as the critical target 
includes the observation that most, if not all, cancer cells display chromosomal 
abnormalities (Holliday & Jeggo, 1985), many with abherrant gene expression including 
the expression of oncogenes (Weinberg, 1985). Covalent DNA adducts of many 
carcinogens have been synthesised in vivo and characterised in different tissues of animal 
species (Hemminki, 1983). In general, there is an overall positive correlation between the 
extent of DNA adduct formation and the number of tumours which form in a specific tissue 
(e.g. Slaga et a l, 1972), and tumours rarely form in tissues which do not contain adducts. 
DNA adduct formation is considered to be a necessary, but not sufficient, condition for 
initiation of tumourgenesis (Wogan & Gorelick, 1985), since tumours do not always form 
in tissues containing adducts. For example, of five aromatic amines which induce rat liver 
DNA adducts, only two induce liver tumours (Neumann, 1983). The eventual formation of 
a tumour in an initiated tissue may depend on many factors including the fixation of 
mutations in the DNA during replication (Grisham et a l, 1983) and the clonal expansion of 
the mutated cell through tumour promotion (Section 1.4.2). A specific tissue may exhibit 
varied susceptibility to the carcinogenic action of a class of agents, while another tissue in 
the same animal may show an entirely different susceptibility pattern for the same 
compounds (Neumann, 1983). In part, this may be due to the tissue-specific metabolism of 
individual chemicals.
1.3.2 Carcinogens as Mutagens
Mutagenicity, which occurs as a direct result of damage to DNA, is a surrogate of 
tumourigenesis which directly reflects the biological consequences of DNA adduct 
formation (Singer & Kusmierek, 1982). For this reason, mutagenicity assays have been 
employed to screen for carcinogens (section 1.5). For mammalian cells exposed to a 
carcinogen, the frequency of neoplastic transformation is higher than the frequency of 
single-gene mutations, suggesting that carcinogenesis may involve damage at any one of 
multiple genetic sites (Parodi & Brambilla, 1977). Most carcinogens are mutagenic, but 
there are notable exceptions such as the non-genotoxic carcinogens (section 1.1). Also, 
certain mutagens are not carcinogenic (e.g. hydroxylamine, 8 -hydroxyquinoline, nitrates, 
nitrites and sodium azide). The reason for this could be that such agents introduced into a 
microbial system are not readily detoxified, whereas they are in mammalian systems 
(Williams, 1979). In addition, the metabolism performed by the subcellular fractions 
routinely used for activation systems in bacterial mutagenicity tests differ from that in 
intact cells. Enzyme induction in vivo usually reduces the carcinogenicity of procarcinogens 
due to the predominant induction of detoxification pathways (Wattenburg, 1978). The
conjugation-detoxification systems are poorly operative in the subcellular fractions leaving 
a net enhancement of activation systems (follow et a l, 1977).
There are also discrepancies among results for adduct formation and mutagenicity. 
For example, the mutagenic potency of a series of aromatic amines which formed adducts 
at the C-8  position of deoxyguanosine correlated neither with the quantity of C-8  adducts 
formed in bacterial or mammalian mutagenesis assays, nor with the overall potency of the 
same compounds for liver tumour formation in the rat (Beland et a l, 1983; Heflich et a l, 
1986). These studies suggest that not only are the amount of DNA adducts and the 
structure of the lesions important, but their genomic location in the DNA is also 
biologically relevant.
1.3.3 DNA Repair
The importance of DNA adducts in the carcinogenic process has been emphasised 
by studies into adduct removal. This may occur spontaneously due to adduct instability, by 
dilution during normal cell turnover, and enzymatically by DNA repair processes. In the 
majority of cases, the enzymatic removal of the adduct is the crucial protective mechanism 
acting to offset the carcinogenic insult (Magee, 1983). The importance of repair 
mechanisms can be illustrated were these mechanisms are lacking, for example in the 
disease xeroderma pigmentosum (XP). XP patients suffer from accelerated 
tumourigenesis, developing multiple skin cancers relatively early in life (Cleaver, 1968). 
Comparative studies of carcinogen-exposed cultured fibroblasts from normal and XP 
patients indicate that the efficient removal of carcinogen-DNA adducts protects against 
cytotoxicity, mutagenesis and the carcinogen induced phenotype of anchorage-independent 
growth (McCormick & Maher, 1983). Complex mechanisms for repair of carcinogen- 
induced DNA damage have been identified (Roberts, 1982). These pathways are expressed 
to various extents in cells of different species and in response to particular classes of 
carcinogens (Roberts, 1982). Base excision repair involves the removal of a few 
nucleotides, including the modified base, usually by glycosylase enzymes. In the nucleotide 
excision repair pathway, larger adducts are removed along with about 100 nucleotides 
adjacent to the damaged site and subsequent replacement of the excised sequences using 
the opposite strand as the template. Cells in S-phase can also replicate DNA strands 
around a DNA-carcinogen adduct, leaving a gap in the newly replicated strand which is 
filled at a later time (postreplication repair). It is known that these processes are not error 
free as mistakes in the repair system can be demonstrated (Razzaque et ah, 1983).
While repair processes are often efficient at removing DNA adducts, they are rarely 
complete. For example, in mouse skin topically exposed to radiolabelled polycyclic
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aromatic hydrocarbons, 10-15% of the total DNA adducts formed within 24 hours persist 
for many weeks (Shugart, 1985). This suggests that, in the epidermis, adduct persistance in 
a subpopulation of cells may contribute to the carcinogenic process. Autoradiographic 
studies have confirmed the prolonged retention of radiolabelled benzo(a)pyrene in the 
nuclei (but not necessarily the DNA) of a slowly cycling subpopulation of skin basal cells 
which are located in the epidermal layer (Morris, Fischer & Slaga 1986).
1.3.4 Activation of Oncogenes by Carcinogens
If DNA damage constitutes the mechanism of initiation, it is possible that there are 
specific genomic regions which must be altered if initiation is to occur. The transfection of 
DNA from tumour cells into non-malignant NIH 3T3 cells transmitted the malignant 
phenotype, producing 3T3 cell tumours which could be passaged in nude mice (Shih et a l, 
1979; Shilo & Weinberg, 1981). Expansion of these studies to include DNA from human 
tumour cell lines and tumour biopsies demonstrated that up to 30% of human tumour cell 
lines and 5-10% of human solid tumours contain DNA sequences, or oncogenes, able to 
transform NIH 3T3 cells (Yokota et al., 1986). It should be noted that many primary 
animal tumours do not appear to contain oncogenes which can be detected by transfection 
(Garte et a l, 1985).
Growth factors can be defined as polypeptides that regulate cell proliferation and 
differentiation through binding to specific, high-affinity cell membrane receptors (Goustin 
et a l, 1986). Membrane receptors for growth factor are highly ubiquitous with most cells 
having receptors for more than one growth factor {e.g. Bowen-Pope, DiCorleto & Ross, 
1983). The binding of the growth factor to its specific, high-affinity receptor (which may 
undergo an allosteric change, a redistribution in the membrane or an association with 
other membrane proteins) stimulates a chain of intracellular events, mediated by 
secondary messengers, which ultimately result in the appropriate biological response of the 
target cell {i.e. mitogenesis). It has also been shown that the malignant phenotype in a 
number of animal and human tumours is associated with either increased expression of 
these otherwise-normal gene products or expression of an altered gene product (Balmain, 
1985). It is apparent that these constitutively expressed factors can be coded by oncogenes, 
or their expression is controlled by oncogenes.
Approximately 40 oncogenes have been identified in several human tumours as well 
as in spontaneous and chemically induced tumours in animals (Weinberg, 1985). Many of 
these have been identified as ras type genes. Members of the ras gene family encode for a 
21 kDa membrane-bound protein (p21) which binds GTP and has intrinsic GTPase activity, 
although the exact cellular function of this protein has not been determined. The activation
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of ras-typQ oncogenes by chemical carcinogens has been demonstrated by a number of 
workers in a variety of test systems (Sukumar et al., 1983; Yuspa & Poirier, 1988). Data 
suggests that activation of ras by carcinogens is by a site-specific point mutation (Yuspa & 
Poirier, 1988).
Other studies suggest that ras activation is associated not only with initiation, but 
with malignant conversion as well. Transfection of an activated human ras oncogene into 
cell lines derived from mouse skin papillomas, which do not contain a constitutively 
activated ras gene, causes malignant progression (Harper, Roop & Yusper 1986).
The observation that certain promoting agents can induce chromosome aberrations 
(including translocations) and aneuploidy is of interest in view of the fact that both 
translocations and aneuploidy have been observed in animal and human tumours, such as 
Burkitt’s lymphoma, retinoblastoma and Wilm’s tumour (Barrett, Thomas sen & 
Hesterberg, 1983; Tsutsui etal., 1983). For example with Burkitt’s lymphoma derived cell 
lines all show characteristic chromosomal translocations involving the myc locus (Leder et 
a l, 1983). In these tumours, the chromosomal translocations presumably activate the myc 
locus. This results in a high constitutive level of the myc product, which drives the 
uncontrolled division of the cells. High levels of myc mRNA is not sufficient to transform 
fibroblasts, however. Full transformation requires a second co-operating oncogene from 
the ras family.
1.4 Multistage Carcinogenesis
Carcinogenesis can be operationally and mechanistically shown to be a multistage 
process in the cells of certain animal tissues. Although this has been clearly established in 
mouse skin, which is a useful model of multistage carcinogenesis, it probably occurs in 
several different tissues in a number of species including liver, lung and bladder (Farber,
1982) as well as in much human tumourigenesis. According to current theories, 
carcinogenesis can be divided into at least three stages - initiation, promotion and 
progression (Farber, 1984). Tumours can be induced by the application of a subthreshold 
dose of a carcinogen (initiation) followed by the repeated application of a non- 
carcinogenic promoter (promotion). The process begins with a normal diploid cell and 
ends with a heteroploid malignant one. Each step must be accompanied by a heritable 
change in phenotype, and it is likely that there is a clonal expansion of each intermediate 
cell type.
Recent cell culture experiments support a multistage mechanism of carcinogenesis. 
Transfection of a single activated oncogene into primary low-passage diploid cells
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produces an altered cell phenotype, but in most cases the cells are not tumourigenic. In 
contrast, transfection of the same oncogene into premalignant (nontumourigenic) cultured 
cells results in their malignant (tumourigenic) conversion (Thomassen et al., 1985). 
Similarly, the cotransfection of two oncogenes into primary diploid cells is sufficient to 
produce the tumourigenic phenotype (Newbold & Overell, 1983).
Evidence suggests that the critical genetic damage occuring during initiation 
involves gene rearrangement and/or amplification resulting in the realignment of 
previously quiescent genetic information with new genetic promoters (Bishop, 1983). 
Promoters could result in the selection and amplification of those cells containing newly 
arranged genetic promoters (Klein, 1983).
1.4.1 Initiation
The initiation phase only requires a single dose of a carcinogen and is essentially 
irreversible. In addition, Boutwell (1964) demonstrated that repeated doses of an initiator 
were additive in the number of tumours produced. The types of chemicals that can act as 
initiators have previously been discussed (section 1.1) and so will not be repeated here.
A large data base has been established regarding the molecular interactions of 
initiators with cells and the activation of specific genes which contribute to the cancer 
phenotype, but the biological changes which define initiated cells have only recently been 
defined. A detailed analysis of the initiated phenotype has come from studies of cultured 
mouse epidermal cells (Yuspa, 1985). In mouse skin, papillomas are the neoplastic 
manifestation of the initiated phenotype. The papilloma is characterised by a high 
proliferation rate and the presence of proliferating cells in the tissue strata normally 
confined to postmitotic terminally differentiating cells (Yuspa, 1985). In cell culture, 
carcinogen exposure resulted in clonal foci of proliferating cells which grew selectively 
under culture conditions which favoured terminal differentiation of normal epidermal cells 
(Kulesz-Martin et al., 1980). Similar differentiation-resistant foci formed in cultures from 
carcinogen initaited mouse skin but not from normal mouse skin (Kawamura, Strickland & 
Yuspa, 1985). The number of foci was related to the potency of the initiator, its dose and 
the extent of DNA binding at the time of exposure (Nakayama, Yuspa & Poirier, 1984). 
Differentiation-altered foci could be isolated in culture from mouse skin which had been 
initiated 10 weeks previously (Kawamura, Strickland & Yuspa, 1985). This is consistant 
with the previously demonstrated persistance of the initiated state. Other epithelial cells, 
when exposed to carcinogens in vivo or in vitro, acquire an altered phenotype. For example, 
the life-span of carcinogen-exposed rat tracheal epithelial cells is extended in culture, and 
the altered cells become less sensitive to growth factor or feeder-layer requirements for
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clonal growth (Thomassen et a l, 1983). These experiments, and others, have led to the 
conclusion that an altered response to signals for terminal differentiation is associated with 
the initiated cell phenotype, resulting in a growth advantage under normal and adverse 
conditions {e.g. Pai, Steele & Nettesheim, 1982).
1.4.2 Promotion
A promoter is a substance that induces tumours when applied in multiple doses 
following application of an initiator. A delay of up to a year between initiation and 
application of the promoter will still result in the formation of tumours (Boutwell, 1964). 
Promotion of non-initiated tissues usually fails to yield tumours, however, some promoters 
can also show weak initiating activity at high doses (Slaga, 1983). There is some evidence 
to suggest that promotion itself involves several stages and that it may be possible to 
characterise a promoter as a complete or a first- or second-stage promoter (Furstenberger, 
Sorg & Marks, 1983). Many of the benign lesions induced by initiation-promotion 
protocols are reversible upon withdrawal of the promoting agent (Pitot, Glaubert & 
Hanigan, 1985). The effects of a first-stage promoter are thought to be reversible; i.e., if the 
promoter administration is terminated, a carcinogenic response is not produced. 
Administration of a second-stage promoter produces irreversible effects.
Agents which can serve as tumour promoters in mouse skin include croton oil, 
phorbol esters and apparently unrelated agents such as hydrogen peroxide (O’Connell, 
Rotstein & Slaga, 1986). Most promoting agents are tissue specific, do not require 
metabolic activation and are non-mutagenic (Diamond, O’Brien & Baird, 1980).
Mutagenic agents such as UV light and bromomethylbenzanthracene may also have 
tumour promoting activity, although they are weak complete carcinogens (Scribner & 
Scribner, 1980). Promoting agents are structurally specific, so that minor changes markedly 
affect promoting activity (Diamond, O ’Brien & Baird, 1980). Most promoters induce 
proliferation in specific target tissues, although a number of agents which induce 
proliferation are not active as promoters (Slaga et a!., 1976). The distinguishing feature 
between promoting and non-promoting hyperplastic agents appears to be a sustained 
hyperplasia. For example, the non-promoter acetic acid will cause hyperplasia through its 
cytotoxic action, but the skin will adapt and there is no sustained hyperplasia (O’Connell, 
Rotstein & Slaga, 1986)
While the precise mechanism of action for all promoters is not understood, the 
likeliest common action of these agents is to cause a selective clonal expansion of the 
initiated cell population resulting in a premalignant lesion (Farber, 1984). Data indicates 
that tumour promoters are often cytostatic or cytocidal to normal cells whereas initiated
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cells are resistant. Alternatively, certain tumour promoters are mitogens for their target 
tissues, but altered cells are more sensitive to the growth stimulatory effects (Yuspa & 
Poirier, 1988).
Of the known promoting agents, phorbol esters and particularly TPA have been the 
most widely studied. These plant derived diterpene esters are extremely potent in mouse 
skin and produce a number of biological and biochemical changes in cultured cells (Slaga,
1983). Studies with these agents have formed the basis for virtually all of the current 
hypotheses on molecular events in tumour promotion.
The reversibility of individual promoter exposures, the requirement for repeated, 
frequent exposures and a likely mechanism of promotion based upon clonal expansion of 
initiated cells suggest that the likely mechanism of phorbol ester promotion is epigenetic. 
Pharmacologically, the phorbol esters demonstrate a strict specificity of structure, 
pleiotropic effects at nanomoalar concentrations, and effectiveness after brief exposures, 
all suggesting the presence of cellular receptors with high affinity for phorbol esters. These 
receptors have been demonstrated not only in mouse skin but also in crude membrane 
fractions or intact cells from a variety of cultured cells and tissues (Blumberg, 1981). 
Recently, the phorbol ester receptor has been identified as the calcium phospholipid 
dependent protein kinase C (Niedel, Kuhn & Vandenbark, 1983; Ashendel, 1985). Phorbol 
esters not only bind to this receptor but also activate its kinase function. A number of 
tumour promoters structurally dissimilar to phorbol esters also bind to, and activate, 
protein kinase C (Arctlo & Weinstein, 1985). Protein kinase C is implicated as the 
secondary messanger in the actions of many hormones or other exogenous stimuli which 
function through memebrane receptors (Nishizuka, 1986). Considering the importance of 
protein kinase C in normal growth control, its activation could be a critical event in 
carcinogenesis.
The activation of a protein kinase and subsequent phosphorylation of critical 
substrates helps to explain the cascade of biochemical events induced by phorbol esters, but 
the ensuing cellular changes critical to an epigenetic mechanism of promotion have yet to 
be defined. In addition to causing inflammation and epidermal hyperplasia, phorbol esters 
and other promoters, may induce other embryonic conditions in adult skin (Pelling &
Slaga, 1985). A number of cell surface alterations have been observed in cultured cells 
exposed to phorbol esters. Amongst these, alterations in ion transport (Rosoff Stein & 
Cantley, 1984), alterations in hormone binding (Lee & Weinstein, 1978), inhibition of 
metabolic co-operation of cells in culture (Trosko e ta l ,  1982) and inhibition of cell-to-cell 
communication (Enomoto et a l, 1981; Enomoto & Yamasaki, 1985) are likely to have
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broad biological significance. This may provide a clue to the process of tumour promotion, 
since cell-to-cell communication is thought to play a crucial role in the control of cell 
proliferation (Loewenstein, 1981). A block in intercellular communication may enhance 
tumour formation by producing a disturbance in proliferation and cell differentiation.
In most cell systems, phorbol esters can induce two general classes of cellular 
response. Both in vivo and in vitro, phorbol esters can induce differentiation in one cell 
class and stimulate cell proliferation in another (Reiners & Slaga, 1983). This difference 
may be due to heterogenecity in expression of protein kinase C species, since at least two 
receptor classes (Dunn & Blumberg, 1985) and multiple genes and mRNA have been 
identified (Knopf et at., 1986).
Mechanisms may also exist for phorbol ester promotion that involve changes in 
genetic information or expression in initiated cells. Several reports have indicated that 
phorbol esters can induce sister chromatid exchange, aneuploidy and gene amplification in 
cultured cells, but these effects have been variable depending on the cell types studied or 
culture conditions (Yuspa & Poirier, 1988). Since chromosomal changes can be inhibited 
by antioxidants or superoxide dismutase, and phorbol esters can generate the release of 
oxygen radicals from appropriate target cells (Copeland, 1983), activated oxygen species 
have been proposed to mediate tumour promotion by phorbol esters (Cerutti, 1985). DNA 
strand breaks, observed after phorbol ester exposure, have also been associated with 
release of active oxygen species (Cerutti, 1985), but phorbol esters have not been shown to 
be mutagenic. Thus, it is unlikely that oxygen radicals generated by phorbol ester exposure 
would contribute to tumour promotion by altering the initiated cell phenotype via a 
genotoxic action. However, free radicals could contribute to tumour promotion indirectly 
by producing a selective cytotoxic effect on normal cells sparing initiated cells (Farber,
1984). Alternatively, release of free radicals could play a role in altering gene expression in 
phorbol ester-treated cells, and thus contribute to an epigenetic process (Friedman & 
Cerutti, 1983).
Phorbol esters are known to induce a variety of cellular functions, presumably by a 
transcriptional activation mechanism (Diamond, O’Brien & Baird, 1980). Reports of the 
activation of latent viral genome of oncogenic papilloma and Epstein-Barr viruses 
(Amtmann & Sauer, 1982; Zurhausen et al., 1978). Phorbol esters have a variable effect on 
the expression of retroviral oncogenes or cellular protooncogenes, suppressing expression 
in some models while enhancing in others (Coughlin et al., 1985).
Of the observed phorbol ester related effects on the epidermis, the induction of
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epidermal cell proliferation, ornithine decarboxylase (ODC) activity, and an increase in the 
number of dark basal (stem) kératinocytes have the best correlation with promoting 
potency (Felling & Slaga, 1985). Mezerein, a diterpene similar to 12-O-tetradecanoyl 
phorbol-13-acetate (TPA) but with weak promoting ability, induces ODC to a similar 
extent as TPA (Mufson et a l, I9 î \ ) suggesting that the induction of ODC might be a 
marker of increased cell turnover, rather than due to a direct causative effect. Klein- 
Szanto, Major & Slaga (1980) reported that TPA caused an increase of about three to five 
times in the number of dark cells as mezerein, the first major difference found between the 
two compounds. The appearance of dark basal kératinocytes, which are normally present 
in large numbers in embryonic tissue, has the best correlation with promoting activity in the 
skin (Slaga, 198:^ ).
A number of agents, including antioxidants, anti-inflammatory steroids, protease 
inhibitors, and prostaglandin synthesis inhibitors have been shown to inhibit tumour 
promotion (Slaga et al., 1982). In general, these agents appear to act by moderating cell 
proliferation.
1.4.3 Progression
Progression is the ill-defined interval between the initial occurence of a tumour 
(papilloma) and its transition to a malignant lesion (carcinoma) and finally to a metastatic 
lesion. The transformation of a neoplastic cell to a malignant tumours may involve several 
steps, such as oncogene activation (Weinberg, 1985), chromosome aberration (Weinstein et 
al., 1984) and interaction between tumour cells and host defences (Kripke & Morison,
1985). Progression can be considered a dynamic process, since tumours may continue to 
increase in their degree of malignancy and heterogeneity (Weinstein et al., 1984).
There are several events that occur during tumour promotion that continue or are 
exaggerated during tumour progression. These events include an increase in dark cells, a 
loss of glucocorticoid receptors, and an increase in polyamines and prostoglandins (Slaga,
1983). The mechanism(s) of tumour progression is unclear. Genotoxic mechanisms may 
play a role (e.g. induction of oncogenes, chromosomal aberrations) but these may be a 
result of non-genotoxic effects on cell growth and division.
1.5 Assessment of Mutagenic/Carcinogenic Potential
A few chemicals have been shown to be carcinogenic in man by epidemiological 
investigation. However, carcinogenicity is usually determined by the life-time exposure of 
the chemical to laboratory animals using the induction of tumours as the end point. These 
studies are expensive in terms of animals and manpower. This has led to considerable
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effort dedicated to the development and evaluation of short-term tests for determining 
carcinogenic potential. The recognition that many carcinogens require metabolic activation 
and the association between carciogenesis and mutagenesis, led to the introduction of the 
first useful screening assay for carcinogens, the Salmonella typhimurium reversion test 
(Ames et a l, 1973). The essential elements of mammalian oxidative metabolism are now 
incorporated into many in vitro assays by the addition of the 9000 g or post-mitochondrial 
supernatant (referred to as "S9"), obtained from rat liver.
An estimated 200 short-term tests have been proposed (lARC Suppl. 6, 1987), 
although only few have been accepted into general use. Several factors have contributed to 
the selection of test systems, and include the ease with which the test can be performed, the 
data base available on the predictive value of the test, and the nature of the endpoint of the 
test. The endpoints can be measured as chromosomal damage, DNA damage and repair, 
gene mutation or cellular transformation. Many of these tests are conducted in vitro (i.e. in 
experimental biological systems without the use of live animals) using systems ranging from 
bacteria to mammalian cells (Table 1.2). There are also a number of short-term in vivo 
tests available, in which the experimental animal is exposed to the test chemical for periods 
from a few hours to a few days.
Problems associated with in vitro tests have been reviewed by Auletta (1985). The 
use of liver S9 fraction as a source of exogenous metabolic activation, although useful, does 
not completely represent the actual enzymatic conditions found in the whole animal: co­
factor complements are artifically manipulated, and complex interactions such as tissue 
distribution, organ specificity, repair processes and excretion patterns are not represented 
in the in vitro systems. The enzymatic activity of the S9 fraction can depend on several 
factors including species, strain, sex and age of the animal used to prepare the fraction, 
choice of inducer, medium composition and test chemical solvent. Cofactors routinely 
added to the S9 fraction are for mixed-function oxidase activity only. This activates a 
majority of, but not all, carcinogens. The amount of S9 can also affect the mutagenic 
activity. Tissue culture systems are often more susceptible to toxic effects of S9 fraction 
than bacteria.
Phylogenetic differences between humans and prokaryotes, lower eukaryotes, 
insects and plants raise the question of extrapolation from the test system to humans.
These differences include those in structure and function, metabolic capabilities and repair 
systems. Tissue cultures are closer to man than bacteria, but there are still problems in 
these systems. Embryonal epithelial cells respond differently to adult tissue. Established 
cell lines have undergone biochemical or morphological changes which make them remote
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not only from the human situation but from the tissue from which they are derived.
The use of whole animals is closer to the human situation but there are still 
difficulties with these as there are inter-species variations in metabolism which can affect 
the response of an individual to a test agent. Different tissues may have different repair 
capabilities which may affect the response to a given agent.
It is generally agreed that a battery of tests giving information on different 
mechanisms, tissue susceptibilities etc would be of greatest value in deciding which 
chemicals should be given further attention in more conventional long-term tests. As such, 
a search is continually underway for tests to make this battery more discriminating.
A particular problem arises with the use of standard in vitro tests (e.g. the Ames test) 
when they are applied to complex mixtures of chemicals, such as oils and tars, due to their 
poor solubility or selective binding or sequestrating by the test chemical (Cragg, Conway & 
MacGregor, 1985). An alternative test has therefore been investigated in a variety of 
systems that hopefully overcomes some of these drawbacks and is relevent to the normal 
route of exposure. This is the "nuclear enlargement assay" (Ingram & Grasso, 1987). The 
endpoint of this assay is an increase in nuclear size of carcinogen-treated cells. Changes in 
nuclear size may be indicative of changes in ploidy (Jackson, 1974) and extensive studies 
suggest that chromosome aneuploidy plays an important role in development of neoplastic 
lesions (Mitelman, 1983). Thus, the end point of the assay may be relevant to mechanisms 
of carcinogenesis.
1.6 Nuclear Enlargement - An Early Marker?
Nuclear enlargement has been frequently mentioned as one of the early histological 
changes produced by carcinogens. Perhaps the earliest observation was that of Lewis 
(1935) who reported that after exposure of chick cell cultures to dibenz(a,/z)anthracene, 
benzo(fl)pyrene or 3-methylcholanthrene there was an observed inhibition of cell growth 
and subsequent nuclear enlargement. Subsequently, Page (1938) painted the backs of mice 
with a 0.3% solution of 3-methylcholanthrene or cholanthrene in benzene and observed an 
increase in the size of the cell, nucleus and nucleolus. In benzene-only treated animals, no 
increase in size was seen. In the group to which 3-methylcholanthrene was applied, 
squamous cell carcinomas appeared within seven weeks, and in that to which cholanthrene 
was applied, they appeared within eighteen weeks. This work was later confirmed by 
Pullinger (1940), Setala et al. (1959) and Doermer et al. (1964).
Since this early work, the presence of nuclear enlargement has been mentioned not
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only in the skin but also in the liver after treatment with the hepatocarcinogens aflatoxin 
Bj (Butler, 1964), dimethylnitrosamine (Jackson, 1974; Christie & Le Page, 1961), 
diethylnitrosamine (Wiest, 1972), pyrrolizidine alkaloids (Schoental & Magee, 1957; Bull, 
1955; Bull & Dick, 1959), thioacetamide (Rather, 1951) 2-acetamidofluorene (Dobre, 
Morau & Cotutiu, 1976) and nitrosopyrrolidine (Hendy & Grasso, 1977) and in 
subcutaneous tissue at the site of injections of the carcinogens benzo(a)pyrene, 
nitroquinoline-A-oxide, nitrosoguanidine, nitrosomethylurea and monocrotaline 
pyrrolizidine (Hooson, Grasso & Gangolli, 1971). Reports of nuclear enlargement in other 
tissues are sparse but it has been reported in kidney interstitial tissue (Hard & Butler,
1971) and in the intestine of rats fed methylazoxymethanol acetate (Zedeck et al., 1970).
Isolated reports had shown that cultured cells are inhibited from dividing after 
treatment with several carcinogens including 3-methylcholanthrene (Evenson & Ivensen,
1962), nitrosomethylurea (Gavalazi, Schenk & Bootsma, 1966), mustard gas (Roberts, 
Brent & Crathom, 1971) and nitroquinoline-N-oxide (Brookes, 1975) and that nuclear 
enlargement occured in cultured cells after treatment with aflatoxin B j (Harley, Rees & 
Cohen, 1969), methylnitrosourethane (Ord, 1965), mitomycin C (Kuroda & Fumyama,
1963) and^-propiolactone (Powell, 1966). However, these reports used a variety of cell 
types and treatment regimens and so made it difficult to relate the results of one worker to 
those of another. In view of these difficulties. Grant and Grasso undertook a systematic 
investigation of a variety of compounds, to correlate the extent of nuclear enlargement of 
cells treated in vitro, with the carcinogenic activity of the chemicals (Grant & Grasso, 
1978).
In this study HeLa S3 cells were "pulse" treated with either proximate carcinogens 
or precarcinogens (in the presence of an S9 fraction of liver homogenate). The cells were 
then washed and cultured in fresh medium for 72 hours, samples being taken every 24 
hours. The cellular growth, mitotic index and nuclear size measured. Maximal nuclear 
enlargement was found 48 hours after pulse treatment. All proximate carcinogens tested 
inhibited the growth rate and produced nuclear enlargement of the HeLa cells. Growth 
was immediately arrested with nitrogen mustard, 7-bromomethylbenz(a)anthracene, B- 
propiolactone and A-methyl-A-nitro-A-nitrosoguanidine. There was a delay of 
approximately 24 hours, however, with A-methylnitrosourea, during which growth was 
normal. The arrest of cell growth was paralleled by a reduction in mitotic activity. An 
increase in nuclear size was seen within 24 hours of treatment with nitrogen mustard, 7- 
bromomethylbenz(<3)anthracene and iV-methyl-A-nitro-A-nitrosoguanidine, whereas the 
nuclei of cells treated with A-methylnitrosourea did not increase in size until 48 hours after 
treatment.
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Cultures treated with the precarcinogens, aflatoxin Bj, diethylnitrosamine and 
cyclophosphamide (plus a liver homogenate) and with nitroquinoline-A-oxide and 
mitomycin C showed an immediate arrest of growth. However, in common with 
methylnitrosourea, dimethylnitrosamine did not inhibit cell growth until approximately 24 
hours after treatment. A similar picture was seen with nuclear enlargement, all the 
compounds inducing enlargement within 24 hours, except dimethylnitrosamine, which had 
little effect until 48 hours after treatment.
A number of non-carcinogens were also tested. Although some (including 
hydrocortisone, chloroquine, caffeine, podophyllin and hydroxyurea) caused cell 
enlargement during treatment, the remaining cells were able to proliferate normally once 
the test compounds were removed. However, with colchicine, vinblastine, cycloheximide 
and actinomycin D, there was a long acting growth inhibition, but the nuclei of the cells 
treated had normal, or slightly less than normal, dimensions.
Grant and Grasso concluded that only carcinogens inhibited cell growth in 
association with nuclear enlargement. Ultimate carcinogens produced this response, 
although proximate carcinogens did so only when an S9 liver homogenate fraction was 
included in the test system. They suggested that the reason for failure of certain pre­
carcinogens, including several polycyclic hydrocarbons, to inhibit cell growth included the 
low solubility of the test compound, inappropriate or insufficient metabolism or too brief 
an exposure period to produce sufficient levels of toxic metabolites to affect cells. They 
further suggested that substituting the liver homogenate with "feeder layers" of 
metabolising embryonic cells would substantially increase the time available for 
precarcinogens to be metabolised.
The effect of compounds, of known carcinogenicity, on HeLa S3 cells was also 
tested by Agrelo (1978). These cells were similarly pulse treated with test chemical (with 
and without S9) and the medium then replaced. The cells were then incubated for up to 72 
hours and the nuclear size and mitotic index measured. The range of concentrations of the 
various compounds used, was chosen such that the highest concentration was that which 
did not totally inhibit all cell growth; lower concentrations were log decrements. The 
results obtained agreed with Grant & Grasso (1978) - the greatest carcinogen-induced 
nuclear enlargement was seen after 48 hours with a concomittant decrease in mitotic index 
(i.e. an inhibition of cell mitosis) in most cases, (Agrelo, 1978).
In all, Agrelo (1978) and Grant & Grasso (1978) tested over 30 compounds in their 
nuclear enlargement assay and found a 95% correlation between increases in nuclear size
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in cultured cells, and the previously reported carcinogenicity of the compound. For the 
assessment of the size of the nuclei both Agrelo and Grant & Grasso had used an image 
analyser. In a later experiment. Finch, Evans & Bosmann (1980) used a Coulter Counter 
Channelyser to measure both cell number and size and nuclear size. Using the same HeLa 
S3 cell line, and chemicals chosen as representative of the proximate carcinogens, pre- and 
non-carcinogens previously used by Grant & Grasso (1978), they achieved results 
consistent with the earlier work. This method proved to be simpler, faster and more 
accurate than the image analyser method.
Agrelo has also investigated the effects of carcinogens on the nuclei of other 
cultured cells (Agrelo & Amos, 1981). The effects of 25 chemicals on the nuclei of a 
human fibroblast cell culture and on HeLa cells with an S9 mix were investigated. Again, a 
pulse treatment was used followed by incubation in fresh medium for 72 hours. The results 
of this experiment showed that there was no consistent pattern between the two cell lines. 
For example, benzo(o)pyrene, nitroquinoline-A-oxide and its 3-methyl derivative elicited a 
positive response in the fibroblasts, but not in HeLa cells, whereas only HeLa cells 
responded to 2-naphthylamine, nitrosomorpholine and dimethyl carbamoylchloride. 
Furthermore, the two cell lines gave some false positives. For example, both cell lines gave 
"positive" nuclear enlargement for pyrene and isopropyl-N-(3-chlorophenyl) carbonate, 
HeLa cells gave a positive result for 3,3’,5,5’-tetramethylbenzidine and 
diphenylnitrosamine and fibroblasts for 3-methyl-4-nitroquinoline-N-oxide and 
methionine. "Consequently", state the authors, "the basis for the use of nuclear 
enlargement in vitro as a test for carcinogenicity must be questioned" (Agrelo & Amos, 
1981), but they further considered the two cell lines separately and stated that the HeLa 
cell system can detect many carcinogens which are difficult to detect in genetically based 
assays, for example, diethylstilboestrol, safrole, ethylenethiourea and 
hexamethylphosphoramide. They concluded that further development of the nuclear 
enlargement assay should be focused on the use of HeLa cells.
It has thus been shown that carcinogens can induce nuclear enlargement in vitro in a 
variety of systems. Ingram (1979) investigated the effects of various doses of 
benzo(a)pyrene on nuclear size in mouse epidermis over a 3-day period, with a view to 
using this as a short-term in vivo test for carcinogens. Topical application of 
benzo(a)pyrene was made with or without croton oil in a variety of vehicles. The results 
were in agreement with earlier work: on application of benzo(a)pyrene in a vehicle capable 
of inducing hyperplasia, the nuclear enlargement produced was greater than that produced 
by either the vehicle control or benzo(a)pyrene in a non-irritant vehicle. The enhancement 
of response to benzo(a)pyrene when tested in the presence of a hyperplastic agent resulted
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in lower concentrations of benzo(a)pyrene being detectable. The range of doses of 
benzo(a)pyrene which produced nuclear enlargement (4-250 ftg) in the presence of a 
hyperplastic agent compares favourably with the doses required for tumour production in 
long term studies. One such study (Lee & O’Neill, 1971) revealed that with the repeated 
painting of benzo(a)pyrene (in acetone), onto the backs of mice, the minimum dose which 
produced tumours (1-5% of mice) was 0.5-1 jUg and at 2.3-4.5 jUg 38-43% of mice developed 
tumours, 9% of which were malignant.
Ingram went on to test 27 compounds of known carcinogenicity on mouse skin. 
There was a statistically significant nuclear enlargment usually at concentrations shown to 
produce tumours in long-term studies, whereas non-carcinogens and carcinogens which do 
not induce skin tumours had no effect (Ingram & Grasso, 1985). Thus, short term nuclear 
enlargement in mouse skin may be useful for the detection of topical carcinogens related 
to benzo(a)pyrene. The use of the production of nuclear enlargement in mouse skin has 
also been investigated using complex mixtures (Ingram & Grasso, 1987). Ten oils of 
differing carcinogenicity were examined for their ability to induce nuclear enlargement.
The results correlated well suggesting that this phenomena may be carcinogen specific.
1.7 Mechanisms of Nuclear Enlargement
The use of nuclear size as an index of DNA content is justifiable as many workers 
have shown that doubling of DNA content is roughly reflected by a doubling in nuclear 
volume (Carrière, 1969). However, DNA represents only 28.8% of the contents of rat liver 
nuclei (Amano, 1967) and since the other constituents are quantitatively important, the 
relationship between ploidy and nuclear size is not a simple direct one. The curves for the 
various classes in the nuclear size distributions overlap considerably and the separation 
between the different ploidy classes is not as obvious when based on nuclear size, as when 
based on DNA content (Swift, 1951). This could reflect fluctuations in other constituents, 
particularly protein which makes up 65.9% of the mass of rat liver nuclei (Amano, 1967). 
RNA represents only 5.3% and as such probably has little effect on nuclear size.
1.7.1 Changes in Protein Content
The relationship between protein content and nuclear size has been investigated. 
Leuchtenberger & Schrader (1951) recorded nuclear volume and protein content in 
diploid, tetraploid and octaploid rat liver nuclei. Since there was a wide range of sizes at 
each ploidy level, the authors split each ploidy level into three subgroups. They concluded 
that protein content did vary with size in these subgroups of uniform DNA content. In 
adult rat liver, nuclear areas in each individual class range over sizes with ratios of 1:3 or 
1:4 between the smallest and largest, while in frog liver, with only diploid nuclei, the largest
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nuclei can be 10 to 11 times bigger than the smallest (Bachmann & Cowden, 1965). In both 
species there is a linear relationship between nuclear size and protein content. Bachmann 
& Cowden (1965) concluded that ploidy level determined the basic amount of protein in a 
nucleus, but that the amount of protein can vary within limits in réponse to physiological 
conditions.
Changes in nuclear size related to altered protein content in response to 
physiological stimuli without change in the amount of DNA, have been observed in tissues 
other than liver, for example, in rat uterine glands (Gelfant & Clemmens, 1955) and 
thyroid (Alfert, Bern & Kahn, 1955). In liver, the mean nuclear size of diploid nuclei is less 
in neonatal animals than in adult animals, despite having the same DNA content (Carrière 
& Patterson, 1962). It has also been shown that liver nuclear size at a given ploidy level can 
vary with altered endocrine status. DiStefano et al. (1952) and DiStefano & Diermeier 
(1959) could show no change in DNA content although there was a reduction in protein, 
RNA and volume in individual nuclei following hypophysectomy. Normal levels were 
restored upon treatment with growth hormone.
1.7.2 Changes in DNA Configuration
Within the eukaryotic nucleus, DNA is closely associated with a wide variety of 
different DNA-binding proteins (Felsenfeld, 1978). These proteins act to mediate such 
functions as RNA synthesis, and act as structural proteins to organise the DNA in the cell 
nucleus. The proteins are traditionally divided into histone and non-histone chromosomal 
proteins. The latter designation serves as a catch-all for a variety of different proteins with 
many different functions. Histones constitute a well-defined class of relatively small 
structural proteins with a high proportion of positively charged amino acids (lysine and 
arginine) which bind tightly to DNA and are likely to play an important role in the 
reactions involving DNA (Isenberg, 1979).
The tight binding of the histones means that RNA polymerases must transcribe the 
DNA while it remains bound to the histones. However, the majority of chromatin is so 
highly bound that it is inaccessible. Evidence suggests that a given domain of chromatin is 
first decondensed before transcription. This decondensation appears to involve 
modification of HI resulting in a reduced affinity for chromatin (Mathis, Oudet & 
Chambron, 1980).
There have been a number of studies suggesting addition of certain macromolecules 
to nuclei in suspending medium results in DNA swelling due to decreased interactions 
between DNA and histones. For example, Davies & Spencer (1962) attributed nuclear
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swelling to the competition between DNA and heparin for histone binding and consequent 
expansion of the DNA molecule. Harris (1967) has shown that when a dormant avian 
erythrocyte nucleus is reactivated in a mouse/chick heterokaryon, the dormant nucleus 
undergoes a progressive increase in volume and that the enlargement is associated with the 
progressive dispersion of its highly condensed chromatin and a corresponding increase in 
the amount of RNA synthesised. Lamer, Longstaff & Lunn (1973) showed that the 
addition of a crude histone preparation to BHK21/C13 cells in culture caused an increase 
in nuclear size. This could not be explained by the polycationic nature of histones as 
neither polylysine nor protamine caused an increase in nuclear size. The authors suggested 
that the increased nuclear size was due to increased transcription, the increased nuclear 
volume resulting from the need to accommodate the expanded chromtin.
1.7.3 Changes in DNA Content
As previously mentioned, a doubling in DNA content leads to a doubling in nuclear 
size (Carrière, 1969). Thus, it would be expected that nuclei undergoing DNA and protein 
replication in preparation for cell division, would increase in size, and that in rapidly 
growing tissues, such cells would be sufficiently numerous to affect the size distribution 
curves. In rat liver with high mitotic index in response to thioacetamide injury (Heizer, 
1955), it was found that when nuclear volume class distributions became less distinctly 
separated, due to an increase in intermediate sizes, microfluorometrically determined 
DNA content also became blurred. This was suggested to be due to the process of DNA 
synthesis. Looney (1960) studied regenerating liver by microspectrophotometry following 
tritiated thymidine injection. By comparing the amounts of DNA in labelled and 
nonlabelled nuclei, he showed that the DNA values intermediate between the mean values 
for 4N and 8N nuclei were due to nuclei in the process of making new DNA.
In rat liver, Christie & Le Page (1961) showed that following nitrosamine treatment 
doubling in nuclear volume was associated with doublings in DNA content. Jackson (1974) 
showed stepwise increases in nuclear size with increased nuclear ploidy. In mouse skin 
Rohrbach (1975) reported an increase in the DNA content of epidermal nuclei following 
polycyclic hydrocarbon treatment, as did Doermer, Tulinius & Oehlert (1964). Oehlert 
(1973) concluded that an increase in ploidy level in epidermal cells is one of the main 
specific early changes produced by carcinogens.
Polyploidy can be regarded as an increase in the amount of DNA as a consequence 
of the normal course of mitosis being blocked or an omission of certain phases of the 
mitotic cycle (Rudkin, 1973). The increase in the genetic material is usually an exact 
multiple of the diploid state.
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There are three principle ways by which polyploid cells may arise in mammals 
(Brodsky & Uryaeva, 1977):
i) Acytokinetic mitosis: a process involving division of the nucleus without an accompanying 
division of cytoplasm, and thought to be responsible for the production of binucleate cells
in rodent liver. Each nucleus of the binucleate cell may be diploid or polyploid.
ii) Endomitosis: abnormal forms of mitosis in mammalian tissues that give rise to 
polyploidy. The forms chiefly found are C-mitosis, monopolar and multipolar mitosis, but 
other patterns of fusion of anaphase and telophase chromosomes have been described. It is 
thought that these abnormal mitotic figures represent an incomplete form of the mitotic 
cycle in which the chromosomes do not separate.
iii) Endoreduplication: polyploidy arising by a block of the mitotic mechanism in which the 
cell cycle is arrested at G2. The M phase is then bypassed and the cell is able to proceed 
through a second, and subsequent cell cycles. Polyploid nuclei are able to divide, but they 
do so at a slower rate and less frequently than diploid nuclei (Sutou & Tokuyama, 1974).
Mitotic inhibition has been reported in association with nitrosamine induced 
nuclear enlargement in the liver (Baneijee, 1965), in subcutaneous tissue (Hooson, Grasso & 
Gangolli 1971) and in the kidney (Hard, 1975). Baneijee also reported that following 
dimethylnitrosamine administration, labelling of hepatocyte nuclei with ^H-thymidine, 
occurred in spite of mitotic block, from which he suggested that the hepatocytes were 
blocked in the G2 phase of the cell cycle. Furthermore, Jackson (1974) thought that a G2 
block produced by this carcinogen was solely responsible for ploidy increases of 4-16n in 
hepatocytes. McLean (1970), however, suggested that in order to become polyploid, nuclei 
have to bypass the mitotic phase and enter a second (or subsequent) cell cycle. Thus, a 
block in the G2 phase of the cell cycle preventing the cells from entering mitosis, can only 
be regarded as the first step in ploidy level increases. It has been noted that in all situations 
where nuclear enlargement has been observed, the affected tissues are in active growth 
(Ingram & Grasso, 1977). Thus, it was suggested that a threshold growth stimulus was 
needed for cells to pass from a G2 block, into a mitotic bypass, and into a subsequent cell 
cycle. To test this theory, the dorsal skin of mice was painted with benzo(a)pyrene, with or 
without croton oil, and the effects on incorporation of tritiated thymidine into the nucleus 
were studied (Ingram & Grasso, 1977).
It was found that treatment with benzo(a)pyrene caused a shift in the size 
distribution of the nuclei, to one indicating increased ploidy levels, and that labelled nuclei
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were bigger in size than those which remained unlabelled. Groups which were treated with 
croton oil (i.e. a growth stimulus) and benzo(a)pyrene, had a corresponding greater nuclear 
size. When the number of cells with nuclei corresponding with Ix to 8x the volume of 2n 
nuclei were counted, there was a gradual reduction in the number with 2n volume and an 
increase in nuclei with a greater volume. In untreated or croton oil pre treated skin, 80- 
91% of epidermal nuclei had a volume corresponding to a normal 2n nuclei, but two days 
after benzo(a)pyrene treatment alone, 41-49% of nuclei were normal 2n size, 45-50% were 
twice the normal volume and 6-14% were in the range of 4x volume. With croton oil 
pretreatment or posttreatment, in combination with two days of benzo(a)pyrene treatment, 
21-23% of cells were in the range of normal 2n nuclei, 54-66% 4n nuclei, 11-24% were 8n, 
and 1-4% in the range of 16n volume. Thus, croton oil pre- or posttreatment produced an 
accentuation of epidermal nuclear enlargement due to benzo(a)pyrene, with a reduction in 
the number of cells with the volume of normal 2n nuclei and an increase in the number of 
nuclei with 2x, 4x and 8x that volume (compared to benzo(a)pyrene treatment alone). 
When croton oil and benzo(a)pyrene are given simultaneously, this effect is even more 
marked (Ingram, personnal communication). When the number of mitoses and labelled 
nuclei per cm^ of epidermal surface were counted, and hence a ratio of labelled nuclei per 
mitosis calculated, it was found with croton oil pre-treatment followed by benzo(a)pyrene 
treatment that there was a ten-fold increase in the proportion of labelled nuclei per 
mitosis. This suggests a G2 block, in accordance with the earlier reported findings 
(Baneijee, 1965; Jackson, 1974).
In addition to the G2 block, the high ratio of labelled nuclei per mitosis in 
benzo(a)pyrene treated mice might indicate a lengthening of S-phase in some nuclei. This 
is consistent with the findings of Sutou and Tokuyana (1974) who demonstrated that in 
endoreduplicating cells induced by mutagenic agents, cells in G2 bypassed mitosis and 
proceeded into a second S-phase, which had twice the duration of a normal S-phase and 
that the crude reduplication is induced in G2 phase.
Ingram & Grasso (1977) concluded that for carcinogen induced nuclear 
enlargement to occur in mouse epidermis, an interaction is required between a G2 block 
and a growth stimulus. The latter renders the cell more sensitive to carcinogenic attack and 
allows cells blocked in G2 to bypass mitosis and enter another cell cycle, thus becoming 
polyploid - i.e. the cells undergo endoreduplication. The G2 block appears to be due to the 
carcinogen itself, whereas the growth stimulus may be provided by specific agents (e.g. 
promoters), normal growth or an alteration in the homeostatic mechanism (e.g. tissue 
damage). Zedeck and Sternberg (1975) drew attention to the importance of the growth 
stimulus, by reporting that partial hepatectomy resulted in nuclear enlargement of
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hepatocytes even when carried out many weeks after carcinogen pretreatment.
Some nuclear enlargement in irritant induced hyperplasia is to be expected as a 
result of the higher proportion of cells in S phase and G2 phase, which contain more DNA 
than Gj cells. Gelfant and Candelas (1972) showed that in normal mouse skin 90-95% of 
cells are blocked in Gj. That increased cell turnover is the main cause of croton oil 
induced nuclear enlargement, was suggested by the fact that toluene (an epidermal irritant) 
produced a similar response and that a combination of toluene and croton oil did not 
produce any significantly greater enlargement (Ingram, 1979). However, increased cell 
turnover is not the cause of benzo(a)pyrene induced nuclear enlargement in the presence 
of croton oil. Hyperplasia is an increase in the number of cells per unit area. Although 
benzo(o)pyrene alone is capable of inducing hyperplasia in mouse skin, when applied in 
the presence of croton oil or irritant it inhibits hyperplasia. The most likely explanation for 
this contradiction is that benzo(o)pyrene exerts its main effect on cycling cells, interacting 
with DNA and inhibiting mitosis. Damage to the cycling cells may trigger proliferation of 
the less affected cells, so that the overall picture is one of hyperplasia. If, on the other 
hand, a hyperplastic agent is present, as well as the carcinogen, most of the cells are cycling 
and therefore susceptible to carcinogenic attack. Thus the overall picture is one of 
inhibition of cell proliferation and it is this situation which is associated with marked 
nuclear enlargement.
1.8 Aims of the Project
Since many potential carcinogens and co-carcinogens can become airborne, studies 
into their effects via the inhalation route have assumed a major importance. Existing short­
term tests for carcinogens are inappropriate for respiratory tissue due to its complexity.
The purpose of this project is to examine the effects of carcinogens upon the upper 
respiratory tract in order to determine if nuclear enlargement occurs in this tissue, and 
whether this could be used as a short-term test for carcinogens.
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2. MATERIALS AND METHODS
Unless otherwise stated, all chemicals were purchased from BDH Chemicals, 
Eastleigh, Hants, and were of AnalaR grade
2.1 Exposure of Rats to Sulphur Dioxide/Nitrosamines
2.1.1 Generation of Sulphur Dioxide Atmosphere
Sulphur dioxide was produced by the addition of hydrochloric acid to a solution of 
sodium metabisulphite (an aqueous solution of sodium bisulphite). A I M  hydrochloric 
acid solution was mixed with a 0.1 M solution of sodium metabisulphite, this reaction 
produces sulphur dioxide :
HCl + NaHSOg SO  ^ + NaCl + H^O
The solution was then pumped to the top of a column of glass beads and allowed to 
pass down this under gravity. Air was blown through the column of beads, blowing off the 
sulphur dioxide. The sulphur dioxide/air mix was then piped to the exposure chamber. By 
using known flow rates for the acid and metabisulphite solutions and a known flow rate for 
the air mixing with the sulphur dioxide, known final concentrations of sulphur dioxide were 
produced.
2.1.2 Estimation of Sulphur Dioxide
The measurement of the gas in the atmosphere was achieved by iodometric 
titration. A known volume of the SO2 atmosphere was bubbled through an iodine solution 
and by measuring the loss of iodine from from that solution, it was possible to calculate the 
amount of SO2 in the atmosphere. Sulphur dioxide and iodine react thus:
SO2 + I2  + 2 H2O —» 2HI + H2SO4
By titrating the iodine against sodium thiosulphate before and after the addition of 
the sulphur dioxide, the amount of iodine "lost" was calculated:
2Na2S20g + I2 —? Na2S20^ + 6NaI
By knowing the flow rate of the gas through the iodine solution, the time of 
collection and the molarity of the sodium thiosulphate solution, it was a matter of a simple 
calculation to calculate the amount of sulphur dioxide in the atmosphere sample. This was 
then converted into ppm.
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In the system employed, the test atmosphere was bubbled through 5 ml of a 0.01 M 
iodine solution, at 0.15 1/min for 20 minutes. Triplicate 1 ml aliquots of the iodine solution 
were then titrated against a standardised 0.01 M sodium thiosulphate solution, using starch 
indicator. The sodium thiosulphate was standardised against potassium iodate daily 
(Belcher & Nutten, 1955).
2.1.3 Exposure of Rats to Sulphur Dioxide
Male Wistar albino rats (200-250 g) were purchased from the University of Surrey 
Experimental Biology Unit or from Bantin & Kingman, Hull and were housed in plastic 
cages with sawdust bedding. Exposure periods excepted, food and water were available ad 
libitum. Rats were exposed in a nose-only exposure chamber for 6 hours per day. Three rats 
per dose group were used.
2.1.4 Treatment of Rats with Nitrosamines
The followings chemical were purchased from Sigma Chemical Co. Ltd., Poole, 
Dorset: nitrosomorpholine, nitrosopiperidine, N-nitrosopyrrolidine and N-nitrosodi-»- 
propylamine. All were used as supplied. All nitrosamines were dissolved in Ca '^*'/Mg^"  ^free 
phosphate buffered saline (PBS"A").
Before exposure to the sulphur dioxide atmosphere, each rat was weighed and given 
an intraperitoneal injection of one of the nitrosamines at either 5 or 500^mol/kg body 
weight. This was performed on each day of sulphur dioxide exposure.
2.2 Histological Assessment of Samples
2.2.1 Gelatin-Coated Slides
Glass slides were placed in plastic staining racks and cleaned overnight in a solution 
of 1% HCl in 70% ethanol. They were then washed in running tap water and in two 
changes of distilled water. Whilst the slides were washing, 2 g of gelatine powder (BDH 
Chemicals Ltd., Poole) and 0.2 g chromic potassium sulphate ("chrome alum" BDH 
Chemicals Ltd., Poole) were dissolved in 400 ml of distilled water by gentle heating and 
stirring. When dissolved, the gelatin solution was filtered and cooled to room temperature. 
Each rack was then slowly immersed five times into the solution, drained and dried 
overnight at 37°C. The slides were then removed from the slide racks (care was taken not 
to touch the surface of the slide) and stored at room temperature until use.
2.2.2 Preparation of Nasal Sections
Twenty-four hours after the end of the final exposure to sulphur dioxide, the 
animals were killed with a single intraperitoneal injection of pentabarbitone (Sagitai. May
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6  Baker Ltd, Dagenham) and ex-sanguinated via the vena cava. Each animal was 
decapitated and the lower jaw, eyes, skin and all external tissue were removed from the 
head. The nasal cavity was gently flushed with 10-15 ml of 10% neutral buffered formalin 
by means of a syringe fitted with a trimmed pipette tip, inserted in the posterior opening of 
the nasopharynx. The head was then placed in 10% neutral buffered formalin and fixed for
7 days.
After fixation the heads were then placed in 100 ml of a solution of 7.5% formic 
acid (90%)/5% formaldehyde in distilled water to decalcify (Goodings & Stewart, 1933). 
The solution was replaced daily until décalcification was judged to be complete as 
monitored using the calcium precipitation test. This was performed by neutralising 5 ml of 
the used décalcification solution with 30% ammonia solution. An equal volume of a 
saturated aqueous solution of ammonium oxalate was then added, the solution mixed well 
and then left to stand for 30 minutes. If no precipitate had formed after this time, 
décalcification was considered to be complete. The heads were washed overnight in 
running tap water, and returned to 10% neutral buffered formalin until processed.
Once décalcification was complete the nasal cavity was divided according to the 
method of Young (1981). This results in four blocks. The first is posterior to the incisor 
teeth and consists primarily of respiratory epithelium except for the ventral meatus. The 
second section is at the incisive papilla. Section three is taken at the level of the second 
palatal ridge and is lined primarily with olfactory epithelium. The last level is at the first 
upper molar teeth and is lined primarily by olfactory epithelium (Young, 1981).
The blocks were dehydrated and embedded in wax, and sections cut at 4 Mm. The 
sections were picked up on gelatin-coated glass slides.
2.2.3 Preparation of the Gallocyanin-Chrome Alum Stain
The stain was prepared according to the method of Husain & Watt (1984). A 17.5% 
chromic potassium sulphate (chrome alum) solution was prepared by dissolving in distilled 
water and gently warming on a hotplate. Gallocyanin ("Gurr", BDH Chemicals) was 
oxidised by mixing with concentrated H2SO4 (1 ml of acid per 0.5 g of gallocyanin) and 
added to the chromic potassium sulphate solution (to achieve a final concentration of 1 g 
per 100 ml). The solution was boiled for 5 minutes, cooled, filtered and the original volume 
restored. The pH was then measured and adjusted to 1.0 with concentrated HCl. This stain 
could be kept for up to a month.
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2.2.4 Staining of Sections
Separate sections were stained with Harris’ haematoxylin and eosin (for histological 
assessment) and with gallocyanin-chrome alum (Pearse, 196&). This latter stain is used to 
stain nuclear DNA to enable measurements to be made of the nuclear area. After staining, 
the sections were mounted with a glass coverslip using DPX.
Sections to be stained with gallocyanin-chrome alum were dehydrated through 
graded alcohols and rinsed in tap water. The slides were then dipped in distilled water 
(pHl) and stained in gallocyanin-chrome alum (pHl) for 5 minutes. The slides were 
washed in running tap water, cleared through graded alcohols and xylene, and mounted in 
DPX.
2.2.5 Histological Assessment of Nasal Turbinates in Culture
After appropriate periods in culture, the growth medium was removed from each 
well and the turbinates fixed in 10% neutral buffered formalin for 5 days. The turbinates 
were then dehydrated and embedded in wax. Sections were cut at 4 jim  using a microtome. 
These were picked up on gelatin-coated slides and stained with haemotoxylin and eosin 
before examining microscopically.
2.2.6 Histological Assessment of Tracheal Ring Cultures
Tracheal rings were fixed in 10% neutral buffered formalin for three days. The rings 
were then carefully removed from the fixative and wrapped in fine, lint-free paper before 
being placed in cassettes for processing. The use of the paper ensured none of the rings 
were lost from the cassette during processing. The tracheal rings were then dehydrated and 
embedded in wax. Sections were cut at 4 um and stained with haemotoxylin and eosin.
2.3 Estimation of Nuclear Area In Vivo and In Vitro
2.3.1 Measurement of Nuclear Area in Nasal Epithelium
The area of nuclei of gallocyanin-chrome alum stained sections of rat nasal 
epithelium were measured using a Quantimet Q920 (Cambridge Instruments) using a x40 
objective and a x2 projection lens. Areas of cells to be measured were selected from the 
epithelium covering the nasal septum and lateral wall of the first section posterior to the 
incisor teeth. Nuclei to be measured were selected on the basis that they were clearly 
stained, and separated from their neighbours (such that no overlapping nuclei were 
measured). Areas of bacterial infection (discernable by the presence of large numbers of 
dark staining leukocytes) were not measured, as the infection would not be a true 
reflection of carcinogen-induced changes.
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500 nuclei from each rat were measured and the mean of three rats used as the basis 
of the analysis.
2.3.2 Measurement of Nuclear Size of Tracheal Ring Cultures
After a period of culture, the tracheal rings were fixed and 4 wm sections prepared 
as described in section 2.2.6. These were then stained with gallocyanin-chrome alum. The 
area of the nuclei was measured using a Quan timet Q920 with an objective lens of x40 and 
a projection lens of x l.6 . The nuclei measured were within the ciliated mucosal epithilium 
found in the lumen of the tracheal rings. One hundred nuclei were measured from the 
entire length of each tracheal ring, five hundred per replicate. The results of each 
treatment were averaged over the three replicates per treatment.
2.3.3 Measurement of Nuclear Size in Tracheal Cell Cultures
Cultures of rat tracheal epithelial cells were grown on collagen-coated 13 mm 
Thermanox coverslips housed in 24-well multiwells. These were pulse-treated with the test 
chemicals as described and cultured for a further 24, 72 or 120 hours. The cells were then 
fixed in 10% neutral buffered formalin for 24 hours. The fixative was then removed, the 
coverslips rinsed with distilled water, 50% ethanol and 75% ethanol. The coverslips were 
then carefully removed from the wells and mounted on glass slides using DPX, and allowed 
to dry overnight at 37°C. The slides were stained with gallocyanin-chrome alum. The 
nuclear areas where measured using the Quantimet Q920 with a x l6 objective and a x l .6 
projection lens, 200 nuclei from each coverslip, 3 coverslips per dose level.
2.4 Cell and Tissue Culture
2.4.1 Source and Preparation of Growth Medium
Dulbecco’s Modified Essential Medium (lOx), Ham’s Nutrient Medium F12, 
Modified McCoy’s 5A Medium, Williams Medium E, kanamycin (lOOx), glutamine (lOOx), 
sodium pyruvate (lOx), non-essential amino acids (lOOx) and sodium bicarbonate (7.5%) 
were purchased from Gibco Ltd (Uxbridge, Middx.). Heat inactivated, mycoplasma 
screened foetal calf serum, and gentamycin were purchased from Flow Laboratories 
(Rickmansworth, Herts.).
Williams Medium E was prepared and supplemented with 2mM L-glutamine. 
Kanamycin (100^g/ml) and gentamycin (200yMg/ml) were also added.
Dulbecco’s MEM was prepared from the concentrated stock by dilution with sterile 
double distilled water. Kanamycin (final concentration 100 Mg/ml), L-glutamine (10 mM), 
sodium pyruvate (5 mM), gentamycin (200JigJmX) sodium bicarbonate (3.75 mg/ml) and
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non-essential amino acids were then added. Foetal calf serum was added to a final 
concentration of 10% when required.
F I2 was prepared by the addition of kanamycin, L-glutamine, sodium pyruvate and 
gentamycin to the supplied medium, at the same final concentrations as above.
McCoy’s 5A was prepared by adding L-glutamine and antibiotics to the same 
concentrations as above and foetal calf serum to a concentration of 10%. The medium was 
buffered by adding sodium bicarbonate.
Tracheal cell growth medium was prepared from a 1:1 mixture of Hams’ F I2 and 
3T3-conditioned Dulbecco’s MEM (see below). In addition, various growth factors were 
added according to the methodology of Wu (1985): Cholera toxin (final concentration 10 
ng/ml), epidermal growth factor (10 ng/ml), transferrin (3.5 fig/ml), insulin (2.5 jugjml), 
hydrocortisone (10 mM), endothelial cell growth supplement (15 jigJmX) and trans-retinoic 
acid (30 ng/ml). All growth factors were "Tissue Culture Grade" purchased from Sigma 
Chemical Co. Ltd (Poole, Dorset). The growth factor supplement was dissolved in 
Dulbecco’s MEM and stored at -20°C in aliquots of a 1 Ox concentrate. It was thawed and 
sterilised by filtration before use.
"Falcon" tissue culture flasks (25 cm^ and 75 cm^) and "Multiwell" plates (6- and 
24-well) were purchased from Becton Dickinson & Co. (Cowley, Oxford). Thermanox 
tissue culture coverslips were supplied by Flow Laboratories Ltd, Rickmansworth, Herts.
Trypsin/EDTA (0.05%/0.02%) solution was supplied by Gibco Ltd, Uxbridge 
Middlesex, and Ca '^ '^/Mg '^"' free phosphate buffered saline (PBS"A") was prepared from 
tablets (Flow Laboratories).
2
2.4.2 Preparation of 3T3-Conditloned Medium
3T3 Fibroblasts (Flow Laboratories) were routinely grown to confluency in 75 cm 
tissue culture flasks in Dulbecco’s MEM containing 10% foetal calf serum. The cells were 
detached using trypsin/EDTA solution and subcultured using a 1:4 split. The growth 
medium was replaced after 24 hours. The cells were allowed to grow for a further 72 hours 
and the medium decanted. This was sterilised using a 0.45 filter before storing at -20°C
2.4.3 CoIIagen-Gel Coated Flasks and Multiwells
A stock collagen solution was prepared by dissolving rat tail collagen (Type VII; 
Sigma Chemical Co.) in sterile 0.1% acetic acid and stored at -20°. Tissue culture flasks
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and "Multiwell" plates were coated with a collagen gel by adding 0.08 ml/cm^ of the stock 
collagen solution, diluted 1:10 with PBS 'A". The flasks or multiwells were then left for at 
least 2 hours at 37°C. The excess solution was removed and the flasks/multiwells were 
ready to use.
2.4.4 Preparation of Nasal Turbinate Cultures
Nasal turbinate organ cultures were prepared according to the method of Bermudez 
& Allen (1984). Male Wistar albino rats (8 to 12 weeks old) were killed by CO2 
asphyxiation. The head was removed and the skin, lower jaw and other excess tissue 
removed. Using a sharp scalpel blade, the skull was split into two by cutting along the 
median suture, and the nasal turbinates exposed. Using forceps and a scalpel blade, the 
nasoturbinate was carefully removed with associated bone and epithelium. The same was 
done for the maxilloturbinate. The turbinates were then removed from the other side of 
the nasal cavity. The turbinates were washed in three changes of medium and then cultured 
in 6-well plates, the turbinates from one animal cultured in the same well. The turbinates 
were cultured in William’s Medium E supplemented with 2 mM L-glutamine, kanamycin 
(100 jig/ml) and gentamycin (200 Mg/ml) at 37°C in an atmosphere of 95% air/5 % CO2, 
with or without foetal calf serum.
2.4.5 Preparation of Tracheal Rings
Uniform tracheal rings were prepared according to the method of Lane & Miller 
(1976). Male Wistar albino rats (8 to 12 weeks old) were killed by CO2 asphyxiation and a 
lateral incision made in the abdomen. The animals were exsanguinated by cutting the 
superior vena cava. The rib cage, muscle mass above the trachea, the heart and thymus 
were removed to leave the trachea exposed. The trachea was removed by transection 
above the larynx and beneath the bifurcation to the lungs. The trachea was rinsed in 
McCoy’s 5A (modified) medium and trimmed of any extraneous tissue. The trachea was 
blotted dry on a sterile filter paper and, using a disposable microtome blade (Reichert- 
Jung, Cambridge Instruments, Cambridge), tracheal rings were prepared by carefully 
slicing between the cartilage rings. This resulted in 10-12 tracheal rings 1-2 mm wide. Using 
a hypodermic needle, the rings were placed in McCoy’s 5A containing 10% foetal calf 
serum at 37°C in an atmosphere of 5% C02 /95% air.
2.4.6 Exposure of Tracheal Rings to Test Chemicals
Tracheal ring cultures were prepared as described. After 24 hours in culture, 
triplicate groups of five rings were exposed to the test chemicals. Benzo(a)pyrene (98%; 
Aldrich Chemical Co. Ltd., Gillingham, Dorset) and 4-nitroquinoline-A-oxide (Sigma) 
were dissolved in dimethyl sulphoxide (DMSO; BDH Chemicals Ltd.) and added to serum-
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free McCoy’s 5A. The growth medium was then removed from the tracheal rings and 
replaced with 1 ml of test medium to achieve a final concentration of 100, 10 or 1 jiM. 
Similarly, dimethylnitrosamine (Sigma) was added to a final concentration of 100, 10 or 1 
mM. In all cases the level of solvent used was 1%. Solvent controls were thus exposed to 
1% DMSO. After 3 hours the test medium was removed, the tracheal rings were rinsed 
three times with PBS 'A", and fresh growth medium added. The tracheal rings were then 
cultured for 24, 72 or 120 hours.
2.4.7 Preparation of Nasal Epithelial Cell Cultures
Nasal epithelial cell cultures were prepared according to the method of Steele & 
Arnold (1985). Male Wistar albino rats (8-12 weeks old) were killed by CO2 asphyxiation 
and decapitated. The skin was removed from the head and the lower jaw and eyes 
removed. The head was then divided into two by cutting along the median suture. The 
lateral wall, nasal turbinates and maxilloturbinates were removed using a scalpel and 
placed in prewarmed Ham’s F I2 containing 1% protease (Type XIV; Sigma Chemical Co.) 
and 0.1% collagenase (Type IV, Sigma). The mixture was incubated for 30 minutes at 
37°C. The enzyme mixture was then gently vortexed to dislodge the cells from the 
supporting stroma. The cells and enzyme mix were transferred to a new tube on ice and 
foetal calf serum added to a final concentration of 10%. Fresh protease/collagenase 
solution was added to the turbinates for a further 30 minutes to maximise cell yield.
Cells from the two incubations were pooled and pelleted by centrifugation (150 g 
for 10 minutes), then resuspended in "attachment" medium: Ham’s F12 containing 10% 
foetal calf serum, plus insulin (2.5 jig/ml), transferrin (2.5 Jiglml), hydrocortisone (l.O/^M), 
cholera toxin (20 ng/ml), epidermal growth factor (12.5 ng/ml) and endothelial cell growth 
supplement (15 //g/ml). Cell numbers were determined using a haemocytometer and 
viability determined by Trypan blue exclusion. Cells were seeded onto collagen-gel coated 
flasks (5x10^ per cm^). Cells were allowed to attach for 24 hours and the attachment 
medium was replaced with culture medium. This consisted of Ham’s F I2 plus the growth 
factors described plus 300jiglml bovine serum albumin (Sigma Chemical Co.), but without 
serum.
2.4.8 Preparation of Primary Tracheal Epithelial Cell Cultures
Male Wistar albino rats (8-12 week old) were killed by CO2 asphyxiation. The 
trachea was removed and prepared as described for the preparation of tracheal rings 
(section 2.4.5). A small cannula was inserted into the laryngeal end of the trachea and 
secured with a suture thread. A second suture was tied loosely around the other end. The 
trachea was flushed with 10 ml of Dulbecco’s MEM, and with approximately 0.3 ml of a 1%
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protease solution (Type XIV, Sigma Chemical Co.) in Dulbecco’s MEM. The end suture 
was secured, and the trachea filled to extension with the protease solution. The trachea was 
then submerged in pre-warmed Dulbecco’s MEM and incubated at 37°C for 1.5 hours.
At the end of the incubation period, the end suture was cut and the trachea was 
flushed with 20ml of Dulbecco’s MEM containing 10% foetal calf serum. This washing was 
collected and centrifuged at 150 g for 10 minutes. The supernatant was removed, the cell 
pellet resuspended in 10 ml of growth medium, and recentrifuged as above.
The cell pellet was then resuspended in a known volume of growth medium and the 
cells counted using a haemocytometer. Viability was estimated using Trypan Blue 
exclusion.
Tracheal epithelial cells were plated on to collagen-gel coated tissue culture flasks 
or multi wells at 1000 cells/cm^, in growth medium prepared from a 1:1 mixture of Hams’ 
F12 and 3T3-conditioned Dulbecco’s MEM. In addition, various growth factors were 
added according to the methodology of Wu (1985). The medium also contained 10 nM of 
TPA (Sigma Chemical Co.) which has been shown to enhance cell attachment and colony 
formation (Mass et al., 1984). They were cultured in a humid atmosphere of 5% CO^/95% 
airat37°C.
2.4.9 Exposure of Tracheal Cells to Test Chemicals
Benzo(a)pyrene (98%, Aldrich Chemical Co., Gillingham, Dorset), 7,12- 
dimethylbenz(fl)anthracene, 4-nitroquinoline-V-oxide, pyrene and anthracene (all from 
Sigma) were dissolved in DMSO. Nitrogen mustard (mechloretamine), 
dimethylnitrosamine, nitrospyrrolidine and methyl methanesulphonate were dissolved in 
PBS'A". The stock solutions of test chemicals were added to serum-free Dulbecco’s 
MEM/Ham’s F12 (1:1). The final concentration of the two solvents was 1% in the culture 
medium which was the level used as the solvent control.
Tracheal cell cultures were allowed to attach for 24 hours and then the medium was 
replaced. After a further 48 hours, the medium was removed, the cells were washed three 
times with PBS "A" and medium containing the test chemicals was applied. The cells were 
then cultured for a further 3 hours. After this time the test chemicals were removed, the 
cells washed and normal growth medium applied. Cells were then allowed to grow for the 
period of the experiment.
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2.4.10 Assessment of Toxicity of Test Chemicals
Tracheal epithelial cell cultures were prepared and seeded onto collagen-gel coated 
24-well plates, 5 x 10  ^cells per well and incubated at 37° in 5% C0 2 /95% air. After 72 
hours the cells were pulse-treated for 3 hours with test compounds previously added to 
fresh medium. Stock solutions were freshly prepared in either DMSO or PBS'A" as 
solvent (see section 2.4.9). Solvent controls were run simultaneously. Measurements of 
protein content were made 72 hours after treatment by the Kenacid blue method using a 
Dynatech Microelisa minireader MR590 with a 570nm filter (Knox et al., 1986).
2.5 Autoradiography
2.5.1 Autoradiography of Tracheal Ring Cultures
Tracheal ring cultures were prepared as described. They were then treated with 10 
MCi/ml of [methyl-^H]-thymidine (40 Ci/mmol; Amersham International, Amersham) 1 
hour before fixation. Sections were cut as described above and afixed to gelatine-coated 
slides. The slides were dipped in a solution of Ilford K2 emulsion (Ilford, Knutsford, 
Cheshire) diluted 1:1 with a 4% solution of glycerol in distilled water, at 43°C. The slides 
were then air-dried and stored at 4°C in light-proof black exposure boxes for 12-14 days 
(Ashby et al., 1985). The slides were developed in racks for 5 minutes in an 8% solution of 
Kodak D19 developer (Kodak, Hemel Hempstead, Bucks.) at 19-21°C, washed in distilled 
water for 1 minute and fixed in 10% Ilford Hypam fixer. After washing in running tap water 
for 10 minutes, the slides were stained with haemotoxylin and eosin and mounted in DPX 
with a glass coverslip.
2.5.2 Autoradiography of Cell Cultures
Cells, grown on Thermanox coverslips, were labelled with [methyl-^H] thymidine 
(Amersham International, Amersham, Bucks), 10 jiCHmX of medium for periods of 24 
hours, starting at seeding. At the appropriate time the cells were washed with PBS "A" and 
then fixed overnight with 10% neutral buffered formalin. The cultures are then washed in 
distilled water, air dried and mounted cell-surface uppermost on a glass slide using DPX 
and left 24 hours to set. Autoradiographs were then prepared according to the method 
described (section 2.5.1).
2.6 Statistical Analysis of Nuclear Size Results
Nuclear size data was produced from the Quantimet in the form of a histogram.
The numbers in each histogram "bin" were converted into percentage of total 
number of nuclei measured. The percentage data from each replicate per treatment were 
pooled and the mean calculated for each treatment. The median and 95th percentile was 
calculated for each treatment. A chi-square test was performed on the whole distribution
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curves of the mean distribution and the corresponding control distribution.
40
in\i[)iJCT[()P4 ()]? B:r4i,yiit(3]E]\iicisnr Trms ui»F»E:Ft
]RTE!SF'iR/iTr()inf Trii/i(:Tr /Ar 1//1/0
In order to produce nuclear enlargement in the skin of mice by a carcinogen, it has 
been shown that a hyperplastic reaction is necessary in association with exposure to the 
carcinogen (Ingram & Grasso, 1977). Thus, it is probable that a hyperplastic response is 
also required in order to produce nuclear enlargement in the respiratory tract in vivo. An 
attempt was made to produce a hyperplasia in the nasal cavity of rats, via inhalation 
exposure to an irritant gas, namely sulphur dioxide. Once a suitable level had been 
produced, rats were concommitantly treated with selected nitrosamines, known to be 
respiratory tract carcinogens, and the irritant gas.
3.1 Normal Appearance of the Upper Respiratory Tract
In order to detect the origin and mode of development of spontaneous or induced 
lesions in the respiratory tract it is essential to have an adequate description of the 
respiratory tract of healthy untreated rat. Sections through the nasal cavity were prepared 
from a healthy, untreated male rat (as described in Materials and Methods). These were 
examined microscopically.
3.1.1 The Nasal Cavity
Preparation of the nasal cavity according to the method of Young (1981) results in 
four sections for histological examination (fig 3.1).
3.1.1.1 level 1
This is taken immediately posterior to the incisor teeth (fig. 3.2 & Plate 3.1). The 
nasal cavity is divided by the nasal septum into two chambers each with a dorsal, middle 
and ventral meatus. The paired vomeronasal organs are visible near the ventral aspect of 
the septum. The two turbinates present at this level are the nasal turbinate and the 
maxilloturbinate. The paired nasolacrimal ducts at this level are near their anterior 
terminus in the vestibule and are visible ventral to the maxilloturbinate and ventromedial 
to the roots of the incisor teeth. The entire nasal cavity at this level, with the exception of 
the ventral meatus at or below the vomeronasal organs, is lined by ciliated respiratory 
epithelium. The ventral meatus is lined by stratified squamous epithelium.
3.1.1.2 /gvg/ 2
At the level of the papilla the paired incisive ducts on either side communicate with 
the oral cavity (fig. 3.2). The nasoturbinates are still visible at this level, but the 
maxilloturbinate has been reduced to a small projection or may be completely absent. The
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level 1 level 2 level 3 level 4
fig. 3.1: Median section through a rat head illustrating the salient features and the levels 
examined by light microscopy (adapted from Hebei & Stromberg, 1976).
A = nasal vestibule; B = nasoturbirate; C = maxilloturbinate; D’ = ectoturbinate 1; D = endoturbinate 1;
E = endoturbinate 2; F = endoturbinate 3; G = larynx; H = hyphoid bone; I = trachea; P = pharyngeal duct; 
O = olfactory bulb; T = tooth; X = incisive papilla
a = dorsal meatus; b = middle meatus; c = ventral meatus
  approximate division
of epithelia
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b) level 2
a )level 1
0
c) level 3
d) level 4
< 3
G
fig. 3.2: Cross sections through the rat nasal cavity at the levels taken for histological 
examination illustrating the major structures of the nasal cavity (adapted from 
young,1981%
, B = nasoturbinate; C = maxilloturbinate; D = endoturbinate 1; E = endoturbinate 2;
F = endoturbinate 3; D’ = ectoturbinate 1;E' = ectoturbinate 2; J = nasolachyrimal duct; K = maxillary sinus; 
L = lateral nasal glands; O = olfactory bulb; P = pharynx; S = nasal septum; T = tooth
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a = dorsal meatus; b = middle meatus; c = ventral meatus
f  r
B
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Plate 3.1: Cross section taken through the nasal cavity (level 1) of an untreated healthy male Wistar Albino 
rat (x2 objective). For key to lettering see fig. 3.2
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nasolachrymal ducts are located lateral to the roots of the incisor teeth. Occasionally, 
portions of the endoturbinates may be cut near their anterior excursion and appear to be 
free in the dorsal meatus. All three epithelial types are present in this section: olfactory 
epithelium lines the dorsal meatus, stratified squamous epithelium lines the incisive ducts 
and papilla, and the remainder of the nasal cavity is lined by respiratory epithelum.
1. 1.3 /6142/ ?
The third level of examination is through the ethmoid recess at or near the 
pharyngeal duct (fig. 3.2 and Plate 3.2). The two halves of the nasal cavity may or may not 
communicate at this level depending on the location of the section in respect of the 
pharyngeal duct. Each side of the cavity has two ectoturbinates and three endoturbinates, 
some of which may have several lamellae. These turbinates are lined primarily with 
olfactory epithelium except for the inner aspects of some of the scrolls which are lined by 
respiratory epithelium.
3.1.1.4 level 4
The final section is taken at the level of the first molar teeth and is deep in the 
ethmoid recess (fig. 3.2 & Plate 3.3). Identifiable areas of ecto- and endoturbinates are still 
visible. The pharyngeal duct is fully formed. The olfactory lobes of the brain are visible in 
the dorsal part of the section. Virtually the entire ethmoid recess is lined by olfactory 
epithelium, and respiratory epithelium lines the pharyngeal duct.
3.1.2 The Respiratory Epithelia
3.1.2.1 respiratory epithelium
This epithelium is pseuodostratified, ciliated and columnar (Plates 3.4-3.6). Goblet 
cells are abundant, but are unevenly distributed as they concentrate in the sheltered 
regions. More exposed regions of the epithelium, such as that over the turbinates, may 
have small areas of transitional stratified squamous epithelium (Plate 3.7).
Numerous branched, tubuloalveolar glands extend into the underlying connective 
tissues as invaginations of the epithelium. They resemble salivary glands, having short ducts 
and acini both lined by secretory cells, which vary widely in type from mucous to serous. In 
general, mucous cells occur near the openings of the glands along the ducts and acini, 
whereas serous cells occur more peripherally. The larger ducts occasionally contain a 
distinct columnar epithelium that seperates the secretory cells from the surface lining of 
the nasal cavity.
Beneath the epithelium, the connective tissue is of fairly uniform composition until
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Plate 3.2: Cross section taken through the nasal cavity (level 3) of a healthy, untreated male Wistar Albino 
rat (x2 objective). See fig. 3.2 for key to legend.
S E
Plate 3.3: Cross section taken through the nasal cavity (level 4) of a healthy, untreated male Wistar Albino 
rat (x2 objective). See fig. 3.2 for key to legend.
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rPlate 3.4: Normal pseudostratified, ciliated mucosal respiratory epithelium of the rat nasal cavity from near 
the vomeronasal region of level 1 (xlO objective).
C - ciliated cell; G - goblet cell
Plate 3.5: Normal pseuostratifW, ciliated mucosal respiratory epiUielium of the rat nasal cavity. Lateral wall 
(x40) objective.
B - basal cell; C - cilia; G - goblet cell; I - interstitial cell
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Plate 3.6: Pseudostratified, ciliated respiratory epithelium of the rat nasal cavity (xlOO objective). 
B - basal cell; C - ciliated cell; c - cilia; G - goblet cell.
-  . . .  f  «
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Plate 3.7: Transistional squamous epithelium from the tip of a rat nasal turbinate (x40 objective).
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it blends into the periosteal and perichondhal layers of the nasal skeleton. 
Epithelium and glands are enveloped in a richly collagenous connective tissue. 
Mononuclear leukocytes may infiltrate the tissue freely or may occur as nodular 
aggregations.
3.1.2.2 oÿocfo/y
The olfactory mucosa is pseudostratified columnar (Plate 3.8) and is taller than the 
respiratory mucosa. The glands beneath are of a serous rather than mixed type. The 
mucosa produces an ample fluid secretion in which odoured substances are dissolved 
before being detected. Three cell types predominate: olfactory cells, sustentacular cells and 
basal cells. Olfactory cells are bipolar neurons. The others combine the effects of epithelial 
cells and Schwann cells. The tall sustentacular cell is differentiated along secretory lines, 
whereas the short basal cell is undifferentiated and able to divide and transform into either 
cell type.
Beneath the olfactory epithelium, the connective tissue contains the branched 
tubuloalveolar glands of Bowman and myelinated fibres of the trigeminal nerve. Cuboidal 
cells of Bowman’s glands contain secretory granules and discharge a serous fluid onto the 
olfactory surface by way of excretory ducts, which are lined by flattened cells. The glands 
secrete continuosly and provide fresh solvent for odoured substances. The fibres of the 
trigeminal nerve terminate in slender processes that extend into the epithelium. Some of 
these synapse with nonciliated brush cells sparsely distributed here and elsewhere in the 
respiratory tract.
3.2 Consistency of the Gas Production System
The consistency of the gas production system was tested. An atmosphere was 
generated to contain a nominal 10 ppm sulphur dioxide over a 6 hour period for 3 days.
The sulphur dioxide levels were measured (as described in section 2.1.2) every 20 minutes. 
This was performed without any animals in the exposure chamber. The mean level of 
sulphur dioxide was 11.8 ppm (11.2-12.9 ppm. See fig. 3.3). Thus, there was a maximum 
deviation of 9.3%. This was considered satisfactory. When animals were to be exposed, the 
atmosphere generating system was run for 30 minutes before animals where placed in the 
exposure chamber to allow the system to equilibrate. Measurements of the atmosphere 
were then made every two hours.
3.3 Assessment of a Hvperplastic-dose Level
Exposure of mice to sulphur dioxide at a level of 10 ppm for periods of up to 72 
hours has been reported to produce lesions in the nasomaxillary turbinates consisting of
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#Plate 3.8: Olfactory epithelium of the rat nasal cavity (x40 objective).
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oedema, metaplasia and loss of cilia of the respiratory epithelium (Giddens & Fairchild,
1972). These conditions were therefore used as the basis of a study designed to induce 
hyperplasia in the nasal cavity of rats.
Twelve male Wistar Albino rats (weight range 247-267g) were supplied by the 
University of Surrey Animal Breeding Unit. Three groups of three animals were exposed to 
nominal levels of 10, 25 and 50 ppm sulphur dioxide, for 3 days, 6 hours per day. A further 
three rats were used as unexposed control animals.
Measurement of the atmospheres generated were made during animal exposure.
The actual mean levels produced were 11.2 ppm sulphur dioxide (10.6-12.0 ppm), 29.4 ppm 
(28.0-30.8 ppm) and 52.4 ppm (50.3-54.5 ppm) respectively.
Examination of control animals revealed a background infection of the nasal cavity, 
a feature seen frequently in control, untreated rats purchased from the University of Surrey 
Animal Breeding Unit. This presented itself as a localised lymphocyte infiltration of the 
respiratory epithelium with concommitant changes of the architecture of the epithelium to 
one suggesting metaplasia. These areas of infection could occur in all parts of the nasal 
epithelium either unilaterally or bilaterally, and were accompanied by the presence in the 
nasal lumen of large amounts of a proteinaceous material containing cellular debris and 
numerous lymphocytes (Plate 3.9).
Examination of the sections taken from the nasal cavity of animals exposed to 
sulphur dioxide at a nominal 10 ppm, showed no conclusive evidence of a basal cell 
hyperplasia. There was some unilateral hyperplasia at the tip of the nasomaxilloturbinate 
of one animal and an inflammatory reaction in the turbinates of another, but the reactions 
were very low grade and could not be distinguished from the lesions due to the observed 
respiratory tract infection.
Exposure of rats to a nominal 25 ppm of sulphur dioxide for three days produced a 
mild goblet cell and basal cell hyperplasia in the respiratory epithelium of the lateral wall, 
nasal septum and the turbinates near these affected areas, but no lesions in the squamous 
epithelium or olfactory epithelium. The respiratory lesion tended to be bilaterally 
symmetrical, affecting the naso- and maxilloturbinates as well as the lateral wall and the 
nasal septum. There was also a degree of "inflammatory exudate" in the lumen of the nasal 
passage (Plates 3.9-3.12).
50 ppm of sulphur dioxide for three days produced a more severe reaction. Lesions
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observed included hyperplasia, metaplasia, oedema and desquamation (Plates 3.9 - 3.12).
These latter lesions cause intercellular spaces in the epithelium.
Consequently, 25 ppm sulphur dioxide was selected as an appropriate dose for 
induction of hyperplasia in the nasal cavity, as the metaplasia and desquamation produced 
by exposure to 50 ppm sulphur dioxide was felt to be too severe a reaction, producing an 
epithelium with little analogy to the normal ciliated pseudostratified epithelium.
3.4 Induction of Nuclear Enlargement in the Upper Respiratory Tract of Rats
In an attempt to produce nuclear enlargement in the nasal cavity of rats, male rats 
were exposed to either sulphur dioxide (at a nominal level of 25 ppm) or to sulphur dioxide 
with intraperitaneal injections of a nitrosamine immediately prior to sulphur dioxide 
exposure. Systemic injections of carcinogens were employed as there were no facilities for 
inhalation exposure to gaseous carcinogens. Animals were killed by pentobarbitone 
overdose 24 hours following the end of sulphur dioxide exposure. Injections of the 
nitrosamines were given daily at a level of either 5 or 500 ^ mol/kg body weight.
Due to the respiratory infection frequently found in the rats supplied by the 
University of Surrey, the rats employed in this study were purchased from Bantin & 
Kingman, Hull which are free from this problem. They were allowed to recover from 
transport and acclimatise to housing conditions for three days, before being used. The rats 
were killed within three weeks of arrival. During this time, no sign of cross-infection was 
observed.
The sizes of 500 nuclei from the lateral wall and nasal septum were measured from 
both sides of the nasal cavity of each rat. The mean percentage of total number of nuclei 
counted from three rats per treatment group was calculated, and the median and 95th 
percentile calculated from this. The results for these are presented in Table 3.1 and 3.3 
respectively. These were then calculated as a percentage of control values and are 
presented in Tables 3.2 and 3.4.
The size distribution histograms are presented in figs. 3.5 to 3.8, where the shaded 
bars represent the results from S02 /nitrosoamine exposed animals and the line represents 
the S0 2 -only control animals. The size distribution of nuclei from unexposed, untreated 
rats is shown in fig. 3.4.
3.4.1 SO2 Exposure only
Exposure of male rats to 25 ppm sulphur dioxide in air for 6 hours per day.
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Plate 3.9: Dorsal meatus of a male rat exposed to 25 ppm sulphur dioxide for 1 day (x25 objective).
Inflammatory exudate in the nasal cavity (*), vacuolated epithelium (arrowed) and deciliated 
respiratory epithelium.
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Plate 3.10: Metaplastic nasal respiratory epithelium (lateral wall) from a male rat exposed to 25 ppm sulphur 
dioxide for 3 days (x25 objective). Note area of squamous cell development (arrowed).
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Plate 3.11: Metaplastic respiratory nasal epithelium from a rat exposed to 25 ppm sulphur dioxide (for 3 days) 
and 3 i.p. doses of 500ymiol/kg nitrosospiperidine (x40 objective) with an area of mild basal cell 
hyperplasia.
Plate 3.12: Metaplastic nasal epithelium from a male rat exposed to 25 ppm sulphur dioxide for 3 days (x40 
objective).
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produced a hyperplastic reaction in the apical part of the nasal cavity, particularly of the
tips of the turbinates, nasal septum and lateral wall. After 24 hours this was not very 
obvious microscopically, but there were a few vacuolated cells and some areas which had 
lost their cilia. After a further two days of treatment there were extensive areas devoid of 
cilia and the normal architecture of the epithelium had been lost. Five days of treatment 
resulted in some areas of squamous metaplasia as well as areas of basal cell hyperplasia.
Untreated control rats had a median nuclear size of 12.31 fm ?  and a 95th percentile 
of 20.02 ^ m^. Examination of the nuclear area data reveals that there was a gradual 
increase in nuclear size to a median of 13.15 fm ?  (95th percentile of 22.99 jixx?) after 24 
hours of SO2 exposure, to 17.08 jm ?  (28.52^m^) after 72 hours, and 18.95^m ^ (34.83 
after 120 hours.
3.4.2 Simultaneous Exposure to Sulphur Dioxide and Nitrosamines
3.4.2.1 nitrosopiperidine and SO2  exposure
A  daily dose of 5^mol/kg nitrosopiperidine (given once daily for up to 5 days) with 
concurrent exposure to suplhur dioxide (25 ppm for 6 hours/day) caused an increase in the 
median nuclear area of 1.35 um^ (at 24 hours) and 1.94^m^ (after 120 hours) above the 
S0 2 ~exposed control. However, after 72 hours, the median decreased by 1.76 finP'. The 
values of the 95th percentiles were greater than control values for 24 and 72 hours 
treatment, but slightly lower after 120 hours of treatment. They were 26.02 jum^, 31.12 pm^ 
and 34.64 prr? respectively.
With a daily dose of 500^mol/kg nitrosopiperidine, there was a 49.7% increase in 
nuclear area. The 95th percentile also increased by approximately the same percentage to 
34.35 There then appeared to be a decrease in nuclear size by 2.48 wm  ^to a value of 
17.21 junP', which was only slightly above control values. This was mirrored by a drop in the 
95th percentile. After 120 hours treatment there was again an increase in nuclear area to 
approximately 10% above control.
Examination of fig. 3.5 revealed that, overall, there was no consistent increase in 
nuclear area above that of controls. There was a decrease in the number of nuclei at the 
smaller sizes, with corresponding increases in the number of nuclei at the largest size, but 
they did not exceed that seen in control samples. As in control samples, there was a 
broadening in the histogram with time, indicating an increase in nuclei of large sizes and a 
reduction in numbers of nuclei of the smaller sizes. A comparison of the distributions of 
control and nitrosamine treated groups, using the chi-square two sample test (Gibbons,
1976) reveals that only the 500^mol/kg of nitrosopiperidine plus sulphur dioxide after 24 
hours was significantly different from sulphur dioxide alone (p<0.05). All other treatments
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were not significantly different at p<0.05.
3.4.2.2 nitrosomorpholine and SO2  exposure
Animals given daily intraperitoneal injections of 5 wmol/kg nitrosomorpholine (for 
upto 5 days with concommitant exposure to 25 ppm sulphur dioxide for 6 hours/day) 
demonstrated a maximum nuclear area at 24 hours which decreased with time to less than 
control nuclear size at 120 hours. The median (and 95th percentiles) at 24, 72 and 120 
hours were 17.42 (32.19), 21.69 (39.94) and 16.74 (29.32) jm ?  respectively. With injections 
of 500^mol/kg of nitrosomorpholine, there is less of an increase with time, but this 
remained greater than control. The values for median nuclear areas (95th percentile) at 
the three time points were 17.19 (32.42), 21.22 (39.80) and 21.69 ( 4 0 . 8 9 ) at 24, 72 and 
120 hours respectively.
Examination of fig. 3.6 reveals that treatment with 5 ^ mol/kg nitrosomorpholine 
and sulphur dixoide for 24 hours produced a shift in the nuclear distribution curve such 
that the initial peak was not as pronounced and there are nuclei appearing of greater than 
control values. At 72 hours there were considerable numbers of nuclei of greater size than 
the maximum size in sulphur dioxide-only exposed rats, being approximately 30% greater. 
However, after 120 hours of treatment this increase in nuclear size appears to have been 
reversed as nitrosomorpholine treated animals have smaller nuclei than sulphur dioxide- 
only exposed rats. A chi-square test performed on the curves shows that at 24 and 72 hours 
S0 2 -only controls and the nitrosamine-S0 2  treated rats were significantly different 
(/?<0 .001) but this was not the case after 120 hours.
Similarly, with doses of 500 wmol/kg nitrosomorpholine, there was an increase in the 
nuclear area as compared with controls, but this was sustained over the entire treatment 
period, although the enlargement was greatest after 72 hours where nuclei of greater than 
65fiir? were seen. The nuclear enlargement seen at 120 hours was only marginal but there 
was a slight increase in median and 95th percentile values. A chi-square test reveals that 
the distributions are different at 24 and 72 hours (p<0.001) but not significantly different at 
120 hours.
3.4.2.3 N-nitrosodi-n-propylamine and SO2  exposure
When comparing median values there was some increase in nuclear area of the 
nasal epithelium of animals treated with 5 ^ mol/kg A-nitrosodi-w-propylamine, as 
compared to control samples after 24 and 72 hours, but not at 120 hours. The respective 
values are 20.32, 21.39 and 18.39 junop-. With animals receiving 500 ^ mol/kg A-nitrosodi-n- 
propylamine, there was in fact a reduction in nuclear size, as compared to controls, at 24
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hours with a slight increase in size at 72 hours and 120 hours. Median values were 12.08, 
21.33 and 19.19 pm  ^at 24, 72 and 120 hours. These observations are reflected by the 95th 
percentile values.
A comparison of the distribution curves (fig 3.7) using chi-square test indicates that 
24 and 72 hour samples for 5 ^mol./kg BW, and the 72 hour sample of 500 ^ mol/kg were 
different at p<0.001. All other samples were not significantly different.
3.4.2.4 N-nitrosopyrrolidine and SO2  exposure
In animals exposed concommitantly to 5 ^mol/kg A-nitrosopyrrolidine and 25 ppm 
sulphur dioxide, there was a very slight increase in nuclear size at 24 hours: median 
increases to 1 4 . 2 4 and 95th percentile to 29.32jurr?, but there were no nuclei larger 
than those seen in controls. At 72 hours the median and 95th percentiles had increased to 
18.58 and 35.80^m^ respectively and there were a few nuclei larger than those seen in 
control samples. Median and 95th percentiles increased to 22.77 and 41.46^m^ at 120 
hours, with less than 1% of nuclei being larger than seen in controls (fig. 3.8). All 
distributions were significantly different (p<0 .001) as compared to controls by chi-square 
test.
500^mol/kg A-nitrosopyrrolidine/sulphur dioxide treatment also produced an 
increase in nuclear size for the first two time points but this was not so evident after 120 
hours of treatment. Median values for 24, 72 and 120 hours were 17.08, 19.19 and 18.94 
jinP' respectively (which was slightly lower than control). 95th percentiles are 28.52, 35.91 
and 34.36 jiixP' (which again is slightly lower than control). There was a chi-square 
significant difference between test and control distributions, at 24 and 72 hours (p<0.001) 
but not at 120 hours.
3.5 Discussion
The aim of this study was to induce nuclear enlargement in the nasal cavity of rats. 
It was thus necessary to induce a hyperplastic response in the nasal cavity, and to present 
these rapidly growing cells with a carcinogen. Sulphur dioxide was chosen as an irritant gas 
because of its known reaction with the nasal epithelium. Male rats were exposed to this via 
inhalation. This produced a basal cell hyperplasia in the respiratory epithelium of the nasal 
cavity.
Sulphur dioxide is a respiratory irritant that is very soluble in the aqueous 
environment of the respiratory airways, hence most of the inhaled sulphur dioxide is 
absorbed in the nasal passage and upper airways, with very little reaching the lungs.
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Table 3.1
Median Values of Nuclear Area Distributions from Rat Nasal Epithelium
27-Nit rosamine Dose level 
(umol/kg BW)
Length of 
24
Treatment
72
(hours)
120
nitrosopiperidine 5 14.50 15.32 20.89
500 19.69* 17 .21 19.70
nitrosomorpholine 5 17.42*** 21.69*** 16.74
500 17.19*** 21.22*** 21.69
nitrosodi-n-propylamine 5 20.32*** 21.39*** 18.39
500 12.08 21.33*** 19.19
nitrosopyrrolidine 5 14.24*** 18.58*** 22.77***
500 17.08*** 19.19*** 18 . 94
sulphur dioxide only 13.15 17.08 18.95
untreated 12 .31
Groups of three male Wistar albino rats were exposed to an atmosphere containing 25 ppm sulphur dioxide 
for up to 5 days (6 hours per day). Each group received either no further treatment or daily ip injections of N- 
nitrosopiperidine, N-nitrosomorpholine, A-nitrosodi-n-propylamine or N-nitrosopyrrolidine at a dose of 5 or 
500 ^ mol. per kg body weight Rats were killed 18 hrs after the last exposure to sulphur dioxide
Figures quoted are the median values of pooled data from three rats. Untreated rats killed 72 hours after the 
experiment began.
SO  ^controls and SO^/nitrosamine distributions were compared using a chi-square test:
* p<0.05 
*** /xO.O Ol
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Table 3.2
Median Values {prr?) of Nuclear Area Distributions from Rat Nasal Epithelium 
as a Percent of Sulphur Dioxide Controls
N-Nit rosamine Dose level 
(pnol/kg BW)
Length of 
24
Treatment I 
72
[hours)
120
nitrosopiperidine 5 110.3 89.7 110.2
500 149.7* 101.4 103.9
nitrosomorpholine 5 132.5*** 126.9*** 88.3
500 130.7*** 124.2*** 114.4
nitrosodi-n-propylamine 5 154.5*** 125.2*** 97 .0
500 91.7 124.9*** 101.3
nitrosopyrollidine 5 108.3*** 108.3*** 120.1***
500 144.0*** 112.3*** 90.1
Groups of three male Wistar albino rats were exposed to an atmosphere containing 25 ppm sulphur dioxide 
for up to 5 days (6 hours per day). Each group received either no further treatment or daily ip injections of N- 
nitrosopiperidine, N-nitrosomorpholine, N-nitrosodi-n-propylamine or N-nitrosopyrrolidine at a dose of 5 or 
500^mol. per kg body weight Rats were killed 18 hours after the last exposure to sulphur dioxide
Figures quoted are the median values of pooled data from three rats as a percentage of the median from 
those rats which were treated with sulphur dioxide only.
SO. controls and SOJnitrosamine distributions were compared using a chi-square test;
* p<0.05
*** p<0.001
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Table 3.3
95th Percentiles of Nuclear Area Distributions from Rat Nasal Epithelium
N-Nitrosamine Dose level 
(pnol/kg BW)
Length of 
24
Treatment
72
(hours)
120
nitrosopiperidine 5 26.02 31.12 34.64
500 34.35* 30.12 38.59
nitrosomorpholine 5 32.19*** 39.94*** 29.32
500 32.42*** 39.80*** 40.89
nit rosodi-n-propylamine 5 31.12*** 31.96*** 34.65
500 22.51 35.37*** 35.91
nitrosopyrrolidine 5 29.32*** 35.80*** 41. 46***
500 28.52*** 35.91*** 34.36
sulphur dioxide only 22.99 28.52 34.83
untreated 20.02
Groups of three male Wistar albino rats were exposed to an atmosphere containing 25 ppm sulphur dioxide 
for up to 5 days (6 hours per day). Each group received either no further treatment or daily ip injections of N- 
nitrosopiperidine, N-nitrosomorpholine, N-nitrosodi-n-propy lamine or N-nitrosopyrrolidine at a dose of 5 or 
500 Mmol, per kg body weight Rats were killed 18 hours after the last exposure to sulphur dioxide
Figures quoted are the 95th percentiles of pooled data from three rats. Untreated rats killed 72 hours after 
the experiment began.
SO  ^controls and SO^/nitrosamine distributions were compared using a chi-square test:
* p<0.05
**»p<0.001
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Table 3.4
95th Percentiles of Nuclear Area Distributions from Rat Nasal Epithelium 
as a Percent of Sulphur Dioxide Controls
N-Nitrosamine Dose level 
(pnol/kg BW)
Length of 
24
Treatment
72
(hours)
120
nitrosopiperidine 5 113.2 125.5 119.0
500 1 4 9 . 4 * 105.6 110.8
nitrosomorpholine 5 1 4 0 . 0 * * * 140.0*** 84.2
500 141.0*** 139.6*** 117  . 4
nitrosodi-n-propylamine 5 135.4*** 1 1 2 . 0 * * * 99.4
500 124.0 124.0*** 103.1
nitrosopyrrolidine 5 127.5*** 125.5*** 119.0***
500 1 4 9 . 8 * * * 125.9*** 81. 9
Groups of three male Wistar albino rats were exposed to an atmosphere containing 25 ppm sulphur dioxide 
for up to 5 days (6 hours per day). Each group received either no further treatment or daily ip injections of N- 
nitrosopiperidine, N-nitrosomorpholine, N-nitrosodi-n-propylamine or N-nitrosopyrrolidine at a dose of 5 or 
500 pmol. per kg body weight Rats were killed 18 hours after the last exposure to sulphur dioxide
Figures quoted are the 95th percentiles of pooled data from three rats as a percentage of the median from 
those rats which were treated with sulphur dioxide only.
SO» controls and SOVnitrosamine distributions were compared using a chi-square test:
* p<0.05
*** p<0.001
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fig. 34: Nuclear area distributions within the nasal respiratory epithelium of male Wistar albino rats exposed 
to an atmosphere containing 25 ppm sulphur dioxide for up to 5 days (6 hours per day) (soild line) 
compared with that from untreated rats. Rats were killed 18 hours after the last exposure to sulphur 
dioxide.
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fig. 3.S: Nuclear area distributions within the nasal respiratory epithelium of male Wistar albino rats exposed 
to an atmosphere containing 25 ppm sulphur dioxide for up to 5 days (6 hours per day). Each group 
received either no further treatment (solid line) or daily ip injections of N-nitrosopiperidine at a dose 
of 5 (top row) or 500 (bottom row) ^ mol. per kg body weight Rats were killed 18 hours after the last 
exposure to sulphur dioxide.
SOj controls and SO^Mitrosamine distributions were compared using a chi-square test: 
* p<0.05
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fig. 3.6: Nuclear area distributions within the nasal respiratory epithelium of male Wistar albino rats exposed 
to an atmosphere containing 25 ppm sulphur dioxide for up to 5 days (6 hours per day). Each group 
received either no further treatment (solid line) or daily ip injections of N-nitrosomorpholine at a 
dose of 5 (top row) or 500 (bottom row)^mol. per kg body weight Rats were killed 18 hours after the 
last exposure to sulphur dioxide.
SO. controls and SO Jnitrosamine distributions were compared using a chi-square test:
***/k0.001
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fig. 3.7: Nuclear area distributions within the nasal respiratory epithelium of male Wistar albino rats exposed 
to an atmosphere containing 25 ppm sulphur dioxide for up to 5 days (6 hours per day). Each group 
received either no further treatment (solid line) or daily ip injections of iV-nitrosodi-n-propylamine at 
a dose of 5 (top row) or 500 (bottom row)ymioL per kg body weight. Rats were killed 18 hours after 
the last exposure to sulphur dioxide.
SO. controls and SO^/nitrosamine distributions were compared using a chi-square test:
*** p<0.001
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fig. 3.^: Nuclear area distributions within the nasal respiratory epithelium of male Wistar albino rats exposed 
to an atmosphere containing 25 ppm sulphur dioxide for up to 5 days (6 hours per day). Each group 
receieved either no further treatment (solid line) or daily ip injections of //-nitrosopyrrolidine at a 
dose of 5 (top row) or 500 (bottom row)^mol. per kg body weight. Rats were killed 18 hours after the 
last exposure to sulphur dioxide.
SO- controls and SO-Aiitrosamine distributions were compared using a chi-square test:
* M).05 
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Absorption of sulphur dioxide in the upper respiratory tract after inhalation has been 
studied in a number of species, and is found to be greater than 90% (Environ. Health 
Criteria, No8). The pathological effects of sulphur dioxide have been studied in a number 
of species, after short- and long-term exposure. Typical findings in rats, hamsters, and 
guinea-pigs include interstitial pneumonia, bronchitis, tracheitis and desquamation of the 
tracheal epithelium (Environ. Health Criteria No 8). However, very few studies have 
examined the nasal cavity.
Giddens & Fairchild (1972) exposed mice to 10 ppm of sulphur dioxide for periods 
of up to 72 hours. In all mice examined there were lesions of the respiratory mucosa in the 
dorsal part of the nasal cavity at the level of the naso-maxillary turbinates. These lesions 
consisted of loss of cilia, metaplasia, oedema, necrosis and desquamation. These lesions 
have also been reported by Buckley et al. (1984) who exposed mice to 117 ppm for 5 days 
(6 hours/day). In both of these studies, with the exception of the dorsal meatus, the 
olfactory epithelium was unaffected. This may be due to the pattern of the airflow, dipping 
to exit the nasopharynx, and so sparing the ethmoid region (Giddens & Fairchild, 1972).
In this study, rats were exposed to varying concentrations of sulphur dioxide 
(nominally 10, 25 and 50 ppm) for 6 hours a day, for three days in an attempt to produce a 
hyperplastic response in the nasal cavity. A level of 10 ppm did not cause any obvious 
changes to the respiratory or olfactory epithelium. Rats exposed to 25 ppm sulphur dioxide 
developed a basal and goblet cell hyperplasia, and exposure to 50 ppm produced a more 
severe reaction with metaplasia and desquamation. The olfactory epithelium appeared 
unaffected at all exposure levels. The level of 25 ppm was chosen as the level for studies on 
concommitant exposure to the irritant and carcinogens. Rats exposed to this concentration 
of sulphur dioxide alone for up to 5 days (6 hours/day), developed a progressively more 
severe hyperplasia with eventual metaplasia and some desquamation. From this it can be 
concluded that there is a dose-response relationship for sulphur dioxide exposure and the 
severity of reaction.
Comparisons of the nuclear area distribution curves of untreated and sulphur 
dioxide exposed rats, revealed that there was an increase in nuclear size and a change in 
the shape of the distribution with time. The increase in nuclear size is expected when there 
is a rapid growth of cells, as there is an increase in the proportion of cells in S and G2 
phases of the cell cycle. For example, the population of cells in S-phase in a normal 
respiratory epithelium has been reported to be 0.43% (Chang et a l, 1983). This increased 
13-fold, 18 hours after a single 6 hour exposure to 15 ppm formaldehyde, with the most 
pronounced proliferative response in the basal layer. After 5 days of exposure to
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formaldehyde there was a 23-fold increase above control, labelled cells being distributed in 
the basal cells and intermediate layer of the hyperplastic epithelium (Chang et a l, 1983). 
Similar results were also seen in mice.
The use of an irritant gaseous carcinogen {e.g. formaldehyde, dimethylamine, 
dimethylnitrosamine) would have been the ideal situation giving both a hyperplastic 
response, and delivering the carcinogen to the area of interest. However, this experimental 
system was restricted to the generation of non-carcinogenic gases because of the limited 
facilities available. Therefore, use was made of the organotropic properties of certain N- 
nitrosamines to "target" the nasal epithelium, after systemic administration. The 
nitrosamines used were N-nitrosomorpholine, A-nitrosopiperidine, iV-nitrosopyrrolidine or 
N-nitrosodi-M-propylamine.
iV-nitrosamines are notably organ specific in their carcinogenic effects. It is 
generally accepted that N-nitrosamines are a class of chemicals that need metabolic 
activation before their carcinogenic activity can be observed (Lijinsky & Taylor, 1975). The 
metabolic activation is an initial hydroxylation of the d  carbon atom in the nitrosogroup, a 
cytochrome P-450 mediated reaction (Chen, Hecht & Hoffmann, 1978), giving rise to a 
carbonium ion and an alkyldiazonium ion. A frequent finding in A-nitrosamine 
carcinogenicity studies is the presence of tumours in the nasal cavity (Reznik-Schuller, 
1983). Nasal cytochromes P-450 occur in all animal species which have been examined 
including rats, mice, monkeys, rabbits and guinea pigs (Dahl, 1986). In many species the 
concentration of nasal P-450 averaged over the entire epithelium is second only to that of 
the liver (Hadley & Dahl, 1983). The marked tissue-specificity of nitrosamines is probably 
due to the production of metabolites in situ within the tissue.
N-Nitrosopiperidine is carcinogenic in mice, rats, hamsters and monkeys after its 
administration by oral and other routes (lARC, 1978). Daily subcutaneous injections of N- 
nitrosospiperidine (880 wmol/kg) to BD rats, induced "ethmoid cell" carcinomas in 88% of 
rats after 52 weeks of treatment (Druckrey et al., 1964). A daily dose of 704 «mol/kg N- 
nitrosopiperidine adminstered in drinking water, 5 days per week for 44 weeks, induced 
"squamous tumours" in 36% of Sprague-Dawley rats and "olfactory carcinomas" in 57% 
(Lijinsky & Taylor, 1975a). These "olfactory carcinomas" consisted of "tubular acini and 
rosettes composed of tall columnar cells with peripherally located nuclei" (Lijinsky & 
Taylor, 1975a). In a similar study, only 14% of MRC rats developed nasal tumours after 
receiving the same dose of A-nitrosopiperidine in drinking water, 5 days per week over a 
50 week period (Garcia & Lijinsky, 1972). These tumours were predominantly 
esthesoneuroepitheliomas, with a few adenocarcinomas and squamous cell carcinomas.
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Examination of the overall distribution of nuclear areas from the nasal epithelium 
of rats which had received A-nitrosopiperidine (fig. 3.5) showed after 24 hours of 
treatment, there appeared to be a slight increase in the numbers of nuclei with an area 
greater than 20 fm ?, at both doses employed, but this was only significant at the higher 
dose (500 Amol/kg) and there was no effect at the longer time points.
An intravenous injection of 850 ^ mol/kg/week of A-nitrosomorpholine induced 
ethmoid cell carcinomas in BD rats (Druckrey et a l, 1964). Tumours of the nasal cavity 
were also seen after administration of A-nitrosomorpholine in the drinking water of MRC 
rats: Garcia & Lijinsky (1972) reported a nasal tumour incidence of 48% after a dose of 
680jkmol/kg per day, 5 days per week. These tumours were also predominantly 
esthesoneuroepitheliomas. In contrast, Sprague-Dawley rats which received 27.2^mol/kg 
per day, 5 days per week, did not develop any nasal tumours (Lijinsky & Taylor, 1975b). A- 
Nitrosomorpholine induced significant increases in nuclear size after 24 and 72 hours of 
treatment, at both doses employed, but little change after 120 hours (fig. 3.6).
A-Nitrosodi-n-propylamine is an effective agent in inducing tumours of the nasal 
cavity. Subcutaneous injections of between 1895 to 7579^mol/kg/week induced nasal 
tumours in 78% of animals treated, of which the majority arose in the respiratory 
epithelium of the naso- and maxillary turbinates (Reznik, Mohr & Kruger, 1975). In the 
groups given higher doses, all neoplasms were squamous cell papillomas, whereas in the 
groups receiving the lower dose, squamous cell carcinomas also occured. A dose of 560 
^mol/kg per day of A-nitrosodi-«-propylamine in drinking water over 30 weeks, 5 days per 
week, induced tumours of the nasal turbinates in 53% of rats treated (Lijinsky & Taylor, 
1979). This nitrosamine also produced changes in the nuclear size after 24 and 72 hours of 
treatment, but not at 120 hours (fig. 3.6).
A-Nitrosopyrrolidine is a weak carcinogen which has been reported to induce nasal 
tumours in 6% of rats receiving 800^mol/kg per day over 50 weeks, 5 days per week 
(Lijinsky & Taylor, 1976). This too produced an increase in nuclear size after 24 and 72 
hours but not at 120 hours (fig. 3.7).
In this study nuclear enlargement was measured in the respiratory epithelium but in 
the studies mentioned above there is a greater incidence of tumours in the olfactory 
epithelium. The olfactory epithelium not examined here as it was unaffected by the irritant 
gas. Hence it was not hyperplastic and nuclear enlargement was unlikely to occur. A similar 
pattern of damage was also observed by Giddens & Fairchild (1972) who suggested that 
this was due to airflow in the nasal cavity dipping to avoid damaging the ethmoid region.
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In this study, where nuclear enlargement occured, it was predominantly at 24 and/or 
72 hours after the start of treatment, with very little difference between control and test 
specimens at 120 hours. This is in agreement with the earlier work of Ingram & Gras so 
(1977) who showed that nuclear enlargement in mouse skin epidermal cells, which was 
visible three days after the start of treatment, had been reversed after 5 days. The loss of 
enlarged nuclei could have been due to desquamation of the cells or to the release of some 
cells from the G2 block, which is presumed to be responsible for carcinogen-induced 
nuclear enlargement (Section 1.6.3.1). No desquamation was visible within the nasal cavity 
at 120 hours of treatment, although the epithelium was becoming metaplastic in places. 
Thus, it may be due to the reversal of the G2 block.
The ciliated, pseudostratified respiratory epithelium is gradually replaced with a 
metaplastic epithelium. Thus, at 120 hours the epithelium is histologically different from 
that observed at 24 or 72 hours. This difference between the types of epithelium seen at 24 
and 72 hours and that seen at 120 hours could also explain why no nuclear enlargement 
was detected. The reaction to the sulphur dioxide gas was a basal and goblet cell 
hyperplasia, but basal cells are unlikely to activate nitrosamines to any great extent because 
they have very little endoplasmic reticulum in which cytochromes P-450 usually occur. 
Mucous cells are more likely sites for nitrosamine activation since these cells contain 
abundant endoplasmic reticulum and have been shown to be rich in cytochrome P-450 
dependent enzymes (Reznik-Schuller, 1985). If these cells can metabolise the nitrosamines 
in the nasal cavity, the concentration of active metabolite would of course be highest in and 
around these cells. Thus, the loss of the ciliated and mucosal cells which possess the ability 
to metabolise the carcinogen to the active metabolite means that the hyperplastic and 
metaplastic basal cells will not be exposed to levels of the ultimate carcinogen as high as at 
the start of the experiment. These may not be high enough to cause nuclear enlargement.
The nitrosamines used in this study can be conceptually classified by their relative 
carcinogenicity (based on the carcinogenic doses quoted above) thus: A-nitrosodi-n- 
propylamine > A-nitrosopiperidine > A-nitrosomorpholine > A-nitrosopyrrolidine 
(strongest chemical carcinogen to weakest). Examination of the data from this study 
indicates that the respective rank order in increasing strength of these nitrosamines is A- 
nitrosomorpholine, A-nitrosopyrrolidine, A-nitrosodi-n-propylamine, A-nitrosopiperidine, 
with the last of these causing no change in the nuclear size.
The differences between the two orders may be due to the dose of the nitrosamines 
being too low to cause major effects. The doses of the nitrosamines used in this study were 
all chosen to be equimolar. As A-nitrosodi-n-propylamine appears to be the most potent
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carcinogen for inducing neoplasms in the respiratory epithelium it was felt that the 
concentrations used should be based upon this. Thus, it was decided to use 1/10th and 
1/100th of the LDgQ of this nitrosamine as the dose level (LD^q = 487.2 mg/kg; Reznik, 
Mohr & Kruger, 1975). From the above data it would appear that the dose levels used in 
this study were slightly lower than previously used. It was felt that there would still be some 
effect due to the nature of carcinogenesis. Further, Ingram & Gras so (1985) reported that 
the nuclear enlargement assay was sensitive to levels of topically active carcinogens below 
which tumours can be seen in long term bioassays.
The timing of exposure to the nitrosamine may also be sub-optimal. In this study the 
rats were exposed to the hyperplastic agent (the sulphur dioxide) and the carcinogen 
concommitantly. Ingram & Gras so (1977) investigated various exposure regimens for their 
ability to induce nuclear enlargement in mouse skin, including separate treatments with 
croton oil and benzo(a)pyrene. Although these treatments all induced nuclear 
enlargement, Ingram (personal communication) reported that in mouse skin, 
concommitant treatment with croton oil and benzo(a)pyrene gives the greatest response 
hence this exposure system was used in this study. However, this may not have been the 
optimum regimen for the nasal epithelium. It may be that to induce nuclear enlargement in 
the nasal cavity, in a response that mirrors the actual tumourigenicity of the nitrosamines, a 
different dose regimen is necessary, for example, pre-treatment with sulphur dioxide.
In mouse skin the application of benzo(a)pyrene alone induces hyperplasia with 
resultant increases in nuclear size (Ingram & Grasso, 1977). This however, is not as great 
as the nuclear enlargement induced by croton oil and benzo(a)pyrene treatment together. 
Similarly, the induction of nasal tumours has been shown to proceed via the development 
of basal cell hyperplasia following the systemic application of A-nitrosodiethylamine in 
Wistar rats (Kraft & Tannenbaum, 1980). In F344 rats, tumours develop from a 
hyperplastic tissue treated with A-nitrosomethylpiperazine (Reznik-Schuller, 1985). 
However, in this latter study there was also a hyperplasia induced in the squamous cells of 
the atrioturbinates which did not develop further into neoplasms. Ingram (1979) concluded 
that benzo(a)pyrene exerts its main effects on cycling cells, interacting with DNA and 
inhibiting mitosis. In the absence of a hyperplastic agent only a small number of cells are 
cycling and therefore not affected by the carcinogen. Damage to the cycling cells may 
trigger proliferation of the less affected cells, so that the overall picture is one of 
hyperplasia. This may also be true for A-nitrosamine action in the nasal cavity. When a 
carcinogen and a hyperplastic agent are combined, most of the cells are cycling and are 
therefore susceptible to carcinogenic attack. Thus, compared to hyperplasia alone the 
overall picture is one of inhibition of cell proliferation but there is still cell growth: this is
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the probable cause of nuclear enlargement. As said earlier, nitrosmines need metabolic 
activation and this is likely to occur in specific cells. The levels of nitrosamine may not be 
high enough to inhibit mitosis and so cause nuclear enlargment.
Due to the metabolic activation of A-nitrosamines not only do these chemicals show 
organ specificity, but there is a definite species specificity in their effects. For example, A- 
nitrosodiethylamine induces tumours in kidney, liver and oespahgous in a variety of strains 
of rat (IARC, 1978) but has a very weak effect in the respiratory tract (Lijinsky & Taylor, 
1978). In contrast in Syrian Golden hamster besides liver, A-nitrosodiethylamine induces 
tumours in all the respiratory tract, especially the nasal cavity and trachea (lARC, 1978), 
independent of the route of administration. This is due to the relative rates of 
biotransformation between the two species in the nasal cavity. In the hamster, nasal tissue 
metabolises A-nitrosodiethylamine at a rate similar to that found in the liver, but the rat 
nasal mucosa metabolises A-nitrosodiethylamine poorly (Longo, Citti & Gervasi, 1986). A- 
Nitrosopiperidine administered in drinking water at a level of 704 Mmol/kg per day, 5 days 
per week induced olfactory carcinomas in 51% of Sprague-Dawley rats (Lijinsky & Taylor, 
1975a). With the same dose route and exposure level only 14% of MRC rats developed 
tumours. The difference between these figures may represent a difference between strains 
of the same species in the ability to metabolise the nitrosamine.
The reported tumourigenicity studies all used strains of rat other than Wistars (as 
used in this study). If a difference exists between Wistar and other strains in the 
metabolism of A-nitrosamines, this could also explain the difference in the reported 
potencies of the A-nitrosamines used in this study, and their ability to induce nuclear 
enlargement.
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4. INDUCTION OF NUCLEAR ENLARGEMENT IN TISSUE CULTURE
In order to compliment the studies performed in vivo in the nasal cavity of rats, an 
attempt was made to develop an in vitro model of nuclear enlargement. Two in vitro 
situations were examined: tissue culture and isolated cell culture. These were performed 
using nasal turbinate epithelial cells and, as an alternative respiratory tissue, tracheal 
epithelial cells. This chapter will examine the results of the tissue culture studies, using 
isolated nasal turbinates and tracheal ring cultures.
4.1 Nasal Turbinate Culture
Nasal turbinates were prepared for culture according to the method of Bermudez & 
Allen (1984). Male Wistar albino rats (8 to 12 weeks old) were killed and decapitated. The 
skin, lower jaw and excess tissue were removed. The skull was then cut along the medial 
suture and the septum removed to expose the turbinates. The turbinates were cultured in 
Williams medium E supplemented with 2 mM L-glutamine at 37°C in an atmosphere of 
95% air-5 % CO2. Following various periods in culture, the turbinates were fixed in 10% 
neutral buffered formalin. Sections were cut at 4 wm. Problems were encountered when it 
was found that the presence of the turbinate bone damaged the microtome blade and 
resulted in torn sections. This problem was solved by using surface décalcification. Sections 
were stained with haemotoxylin and eosin and examined by light microscopy.
Examination of sections of nasal turbinates which had been cultured for 24 hours 
revealed that very little epithelium remained attached to the nasal turbinates. In the areas 
where there was some epithelium it was only one cell thick, with flat elongated nuclei 
parallel to the surface of the underlying bone. This observation was seen in a number of 
repeated experiments using the same culture conditions. The addition of 10% foetal bovine 
serum to the growth medium did not have any effect. In view of these problems it was 
decided that nasal turbinate cultures were not suitable for a model of nuclear enlargement.
4.2 Tracheal Ring Cultures
4.2.1 Normal Appearance of the Trachea
The trachea is a hollow tube originating at the base of the larynx and ending where 
it bifurcates to form the main airways (primary bronchus) of the lung. In rats this distance 
is about 33 mm. The trachea acts to condition the air as it passes to the lungs and provides 
protection against airborne infection and particulate matter. It runs close to the ventral 
surface of the neck, supported largely by the neighbouring tissues. Consequently, it would 
collapse during forceful inspiration if it were not for the reinforcing skeleton of cartilage 
embedded in the tracheal wall. In the rat there are about 23 U-shape cartilage but due to
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irregular union of adjacent cartilages, the number may differ. The gap between the ends of 
the cartilagenous rings is connected by a flexible cover of tissue.
The tracheal epithelium closely resembles that of the nose and nasopharynx region 
and is virtually identical with that of the lower larynx and pulmonary bronchi. It is 
secretory, harbouring many exocrine glands and being lined by pseudostratified columnar 
epithelium in which ciliated and mucosal cells predominate. Basal cells also occur, their 
nuclei forming a row close to the basement lamina to give the apparent stratified 
epithelium (Plate 4.1).
As seen by the electron microscopy there are at least six different cell types: ciliated 
cells, mucous cells, brush cells (a heterogenous group of cells that have a microvillous 
border as one of their distinctive features which can be divided into basal cell precursors 
and a small number of cells which possess epitheliodendritic synapses considered to be 
sensory receptors). Basal cells often contain strands of keratinoid material in the cytoplasm 
but otherwise appear even less differentiated than the immature brush cells. Small-granule 
cells occupy a basal position in the epithelium. They contain a cytoplasm filled with small 
dense-cored particles, but this includes a variety of cells belonging to two general classes. 
The first consisting of neurosecretory cells, produce catecholamines but remain innervated. 
The second are polypeptide hormone secretory cells, and occur in the epithelium lining 
both extrapulmonary and intrapulmonary air passages. They resemble some of the 
argyophil or argentaffin endocrine cells of the alimentary tract, but the specific products 
and the distribution of specific cell types in the respiratory tract is not known. Both classes 
of cells are able to take up amine precursors and store them in cytoplasmic granules, a 
property shared with mast cells.
Small granule cells of the neurosecretory type are widely dispersed throughout the 
epithelium and glands of the respiratory system. They occur singularly or in small clusters. 
In the cell body, the Golgi apparatus is small and often lateral to the nucleus, while the 
granules are concentrated in the basal cytoplasm.
Beneath the basement membrane of the tracheal epithelium there are mucous 
glands consisting of clusters of mucus-secretory cells that secrete into a duct leading to the 
epithelial surface.
4.2.2 Preparation of Tracheal Rings and Appearance in Culture
Uniform tracheal rings were prepared according to the method of Lane & Miller 
(1976) in which male Wistar rats (8 to 12 weeks old) were killed by CO2 asphyxiation and
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Plate 4.1: Pseudostratified ciliated mucosal epithelium from the trachea of an untreated Wistar albino rat 
(x25 objective).
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the tracheas removed by transection at the level of the first cartilage ring and at its 
bifurcation to the lungs. Sterile techniques were employed throughout. The trachea was 
placed in McCoy’s 5A (modified) medium and trimmed of any adherent connective tissue. 
Tracheal rings (1-2 mm thick) were prepared by placing the trachea on a sterile filter 
paper, moistened with growth medium, and cutting between the cartilage rings using a 
disposable microtome blade. The blade was regularly changed to maintain a very sharp 
edge. The individual rings were carefully placed in growth medium using a hypodermic 
needle. The freshly prepared tracheal rings were assessed for viability by examination with 
a phase contrast microscope. Viable tracheal rings had highly visible ciliary movement in 
the lumen of the trachea. The growth medium used was McCoy’s 5A (modified) medium 
containing 10% foetal calf serum and sodium bicarbonate. The tracheal rings were cultured 
in an atmosphere containing 95% air/5 % CO2 at 37°C.
Haemotoxylin and eosin stained sections showed that after 24 hours in culture, 
some normal ciliated mucosal epithelium remained. Although there were patches without 
visible goblet or ciliated cells, the underlying basal cells were still present (Plate 4.2). After 
3 days in culture, cilia movement had become scarce and, histologically, there were few 
goblet or ciliated cells visible. The basal cell layer had thickened to two or three cells thick, 
and in places the normal pseudostratified cell layer had been changed to a squamous 
epithelium (Plate 4.3). After 5 days of culture, cilia movement was no longer visible. This 
was in agreement with the histological observations that the entire epithelium was no 
longer the pseudostratified ciliated mucosal epithelium but a squamous epithelium some 2- 
3 cells thick (Plate 4.4).
4.2.3 Assessment of S-Phase Cells
Autoradiography of tracheal rings, which had been pulse treated with ^H-thymidine 
for 1 hour before fixation, revealed that the dark, heavily labelled nuclei indicative of S- 
phase cells occured along the length of the epithelium, in both the basal layer and the 
ciliated mucosal layer. The S-phase cells appeared to be more numerous near the cut ends 
of the tracheal ring (i.e. the tips of the tracheal rings which had been cut such that the ring 
was "C" shaped rather than "O") where these occured. The S-phase cells were not seen in 
the epithelium after 24 hours in culture (Plate 4.5), but were oberved at 3 and 5 days in 
culture (Plate 4.6). These appeared to be fewer by day 5 (Plate 4.7). A numerical count was 
not made of the S-phase cells, as the autoradiography was only used as a qualitative 
measure of S-phase to ensure that there was active cell turnover at the various time points.
4.3 Assessment of Nuclear Enlargement in Tracheal Ring Cultures
Tracheal rings were prepared as previously described and allowed to acclimatise to
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Plate 4.2: Rat trachea tissue culture after a period of 24 hours (x25 objective). Note loss of ciliated and goblet 
cells, but the persistance of basal cells (arrowed).
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Plate 4.3: Rat trachea tissue culture after a period of 3 days in culture (x25 objective). Note metaplastic 
nature of epithelium with numerous flattened cells (arrowed).
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Plate 4.4: Rat trachea tissue culture after a period of 5 days (x25 objective) showing loss of the normal 
epithelium and its replacement with a much thinner, flattened epithelium.
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Plate 4.5: Rat trachea cultured for 1 day and pulse-labelled with H-thymidine 1 hour before fixation (x25
objective). Darkly labelled S-phase cells are apparent in the underlying stroma (arrowed) but not in 
the mucosal epithelium.
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#Plate 4.6: Rat trachea cultured for 3 days and pulse-labelled with H-thymidine 1 hour before fixation (x25 
objective). Note large number of heavily labelled S-phase cells (arrowed) particularly in the basal 
layer.
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Plate 4.7: Rat trachea cultured for 5 days and pulse-labelled with H-thymidine 1 hour before fixation (x25 
objective).
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culture conditions for 24 hours. Following this, triplicate groups of 5 tracheal rings were 
exposed to test chemicals, chosen upon there ability to cause unscheduled DNA synthesis 
(UDS) in tracheal cells in vitro. The test chemicals used were benzo(a)pyrene, 
nitroquinoline-A-oxide (100, 10 or 1 ^ M ) or dimethylnitrosamine (10000, 1(XX) or 1(X)^M). 
dissolved in DMSO, and added to serum-free growth medium, to achieve a final 
concentration of DMSO 1%. The tracheal rings were exposed for 3 hours to the test 
chemicals. Solvent control cultures contained 1% DMSO. The medium was then replaced 
with fresh medium containing 10% foetal bovine serum. After various culture periods (1,3 
or 5 days) the rings were fixed in 10% neutral buffered formalin, and sections cut for 
staining with haemotoxylin and eosin and gallocyanin-chrome alum. This dose regime was 
as used by Ishikawa, Takayama & Ide (1980) in their investigation of UDS in tracheal 
rings.
The size of one hundred nuclei were measured from each of the 5 rings per well and 
the results averaged over between the three replicate wells.
4.3.1 Solvent control
Median values of the nuclear area distributions for 24, 72 and 120 hours of culture 
after the start of treatment were 23.25, 25.88 and 2 3 . 1 0 respectively, and 95th 
percentiles 42.39, 48.10 and 42.66finP'. Distribution curves for solvent control and freshly 
isolated tracheal rings are given in fig 4.1. The histology seen was as described previously.
4.3.2 Benzo(fl)pyrene
Treatment of tracheal rings with benzo(a)pyrene did not appear to cause an 
increase in nuclear size over the time period studied, at an exposure level of 1, 10 or 100 
^M. The median nuclear areas are given in Table 4.1, and the 95th percentiles in Table 4.3. 
These figures are also quoted in terms of percent of solvent control values in Table 4.2 and
4.4 respectively. Distribution curves for the test and solvent control groups are given in fig. 
4.2.
An exposure level of 1 ^ M  benzo(a)pyrene caused an increase of 2.82 in the 
median value (to 112.12% of control), and an increase of 3.81 jUrrP in the 95th percentile 
(to 108.99% of control), after 24 hours. There is a slight decrease in nuclear size at 72 
hours, and at 120 hours the nuclear size is approximately the same as solvent control. A 
chi-square test performed on the total distribution curves shows that there was no overall 
significant difference between solvent control and benzo(a)pyrene exposed rings. 
Examination of the nuclear area distributions (fig 4.2) for 1 f^ M benzo(a)pyrene exposed 
tracheal rings after 24 hours, indicates that there was a slight increase in the number of
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nuclei with sizes greater than that seen in the solvent controls, but this was in less than 1% 
of total nuclei measured. After 72 hours of culture there appeared to be an slight increase 
in the number of nuclei of less than 40 fm ?  (as compared to control) with a corresponding 
decrease in nuclei above this point. The 120 hour sample is very similar.
Tracheal rings exposed to 10 fiM  benzo(a)pyrene for 3 hours followed by culture for 
a further 24, 72 or 120 hours, also showed no significant differences according to the chi- 
square test, when compared with solvent controls, at 24 or 72 hours, but there was a 
difference at 120 hours (p<0.05). The median and 95th percentiles were smaller than 
solvent control at 24 hours, but increased to be approximately 120% of control at 120 
hours. The distribution curves show that at 24 hours there was a slight decrease in the 
nuclear size of carcinogen exposed tracheal rings, with no nuclei appearing with a size 
greater than 47.5 jivcP. At 72 and 120 hours this was reversed and there appeared to be a 
slight increase in the numbers of nuclei of greater than solvent control size, although there 
was less than 1% of the nuclei with a larger size than the maximum seen in the solvent 
control.
There was no difference in the distributions of solvent controls and nuclei exposed 
to lOO^M benzo(a)pyrene, according to chi-square test. There is a slight increase in 
nuclear area median at all time points, and in the 95th percentiles at 24 and 120 hours. At 
72 hours there was a decrease in this value.
4.3.3 NitroquinoIine-iV-oxide
Exposure of tracheal rings to nitroquinoline-A-oxide for 3 hours, followed by 
continued culture for up to 120 hours, appeared to cause a sustained increase in nuclear 
size at 10 but not at 1 ^ M . An exposure level of 100 was toxic to the tracheal rings.
There was a 19.74% increase in the median value of nuclear size in tracheal rings 24 
hour after exposure to 1 nitroquinoline-A-oxide. The corresponding 95th percentile 
was increased to 110.05% of control. This slight shift in nuclear size was maintained at 72 
and 120 hours. Examination of the distribution curves (fig. 4.3) shows that this increase was 
due to an increase in the number of nuclei in the range of 25-40jnvc?, and that there were 
few nuclei exceeding the solvent control maximum. There was also a corresponding 
decrease in the number of nuclei less than 25jm ? . This pattern occured at all time points.
For tracheal rings exposed to lO^M nitroquinoline-iV-oxide, there was a definite 
increase in nuclear size at all three time points. At 24 hours there was a 31.61% increase in 
the median value and a 55.41% increase in the 95th percentile. This was repeated at 72 and
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120 hours after treatment. This increase in nuclear size was also seen in the nuclear area 
distribution curves. After 24 hours there was a reduction in the number of nuclei of less 
than and a corresponding increase in the number of nuclei greater than this.
There was a large number (approximately 10%) of nuclei which had a greater area than 
seen in the solvent control. This pattern was repeated at 72 and 120 hours.
A chi-square test supports this data with all 10 samples being significantly 
different from solvent controls (p<0.001). Nuclear sizes of tracheal epithelial cells exposed 
to 1 «M nitroquinoline-A-oxide were not statistically significant from solvent controls at 
any time point.
Tracheal rings were also exposed to lOO^M nitroquinoline-A-oxide for 3 hours. 
This concentration was toxic as there was no epithelium attached to the rings after 24 
hours (Plate 4.8), despite there being active cilia movement before exposure of the test 
chemical. It was concluded that the loss of the epithelium was as a result of compound 
toxicity.
4.3.4 Dimethylnitrosamine
Similarly, tracheal rings were exposed to 10, 1 and 0.1 mM dimethylnitrosamine for 
3 hours and cultured for up 120 hours.
As with the top dose of nitroquinoline-A-oxide, dimethylnitrosamine was toxic to 
the tracheal rings at 10 and 1 mM. This was seen as a loss of the epithelium by 24 hours 
after treatment.
At the exposure level of 0.1 mM there was a significant change in the distribution of 
nuclear size at all three time points (p<0.001) according to a chi-square test. Median values 
for the 24, 72 and 120 hour time points are 33.92^m^ (145.89% of solvent control), 31.36 
jm P  (123.56%) and 28.21 jm P  (122.12%). The corresponding values of the 95th percentiles 
are 57.63 um^ (135.94%), 67.81 ftrr? (141.2%) and 53.88 (125.1%).
Examination of the distribution curves (fig 4.4) again illustrates that there was a 
reduction in the number of smaller nuclei (<3(^m^) for all three time points and an 
increase in the number of nuclei greater than this (as compared to the solvent control).
There were also a significant number of nuclei greater than the maximum size seen in the 
control distribution (p<0 .001).
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Plate 4.8: Rat tracheal ring 24 hours after being treated with 100juM nitroquinoline-N-oxide for 3 hour (x25 
objective). Complete loss of mucosal epithelium with detached lamina propia (arrowed).
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Table 4.1
Median Values of Nuclear Area Distributions from Tracheal Ring Cultures
Test Chemical Exposure Time Point (hours)
Level i f j M ) 24 72 120
1 26.07 24.95 23.31
benzo(a)pyrene 10 22.83 29.47 27.70*
100 25.33 26.54 25.03
1 27.84 27.43 26.33
nitroquinoline- 10 30.60*** 33.01*** 34.72***
N-oxide 100^ - — —
100 34.92*** 31.36*** 28.21***
dimethylnitrosamine 1000^ — - -
10000^ - - —
solvent control 23.25 25.88 23.10
freshly isolated — 13.79
tracheal ring
 ^Cytotoxic dose
Male Wistar rats (8-12 weeks old) were killed by CO_ asphyxiation and their tracheas were surgically 
removed. Tracheal rings were prepared as described in Materials and Methods, and allowed to aclimatise to 
culture conditions for 24 hours. The tracheal rings were then exposed to the test chemicals dissolved in 
DMSO, which was added to serum-free medium to achieve a final concentration as given. The level of DMSO 
used was 1%. After three hours the medium was replaced with normal growth medium. The tracheal rings 
were then cultured for up to 120 hours.
Figures quoted are the median values of pooled data from triplicate wells, each well containing 5 rings.
Solvent controls and chemical-exposed distributions were compared using a chi-square test 
p<0.05 
***yx0.001
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Table 4.2
Median Values { r^rP) of Nuclear Area Distributions from Tracheal Ring 
Cultures as a Percentage of Solvent Control Values
Test Chemical Exposure Time Point (hours)
Level (yuM) 24 72 120
1 112.1 98.3 100.91
benzo(a)pyrene 10 98.2 116.1 119.1*
100 108.9 104.6 108.4
1 119.7 108.1 113.9
nitroquinoline- 10 131.6*** 103.1*** 150.3***
N-oxide 100^ - - —
100 145.9*** 123.6*** 122.1***
dimethylnitrosamine 1000^ - - —
10000^
® Cytotoxic dose
Male Wistar rats (8-12 weeks old) were killed by CO  ^asphyxiation and their tracheas were surgically 
removed. Tracheal rings were prepared as described in Materials and Methods, and allowed to aclimatise to 
culture conditions for 24 hours. The tracheal rings were then exposed to the test chemicals dissolved in 
DMSO, which was added to serum-free medium to achieve a final concentration as given. The level of DMSO 
used was 1%. After three hours the medium was replaced with normal growth medium. The tracheal rings 
were then cultured for up to 120 hours.
Figures quoted are the median values of pooled data from triplicate wells, each well containing 5 rings, as a 
percentage of the solvent control value.
Solvent controls and chemical-exposed distributions were compared using a chi-square test:
 ^ p<0.05
"*p<0.001
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Table 4.3
95th Percentile Values {juxrP) of Nuclear Area Distributions from Tracheal Ring Cultures
Test Chemical Exposure Time Point (hours)
Level (yuM) 24 72 120
1 4 6 . 2 0 40.50 4 3 . 8 7
benzo(a)pyrene 10 3 7 . 0 9 5 2 . 2 5 5 0 . 5 5 *
100 4 3 . 9 2 4 3 . 3 8 4 5 . 0 6
1 4 6 . 6 5 47 . 40 4 6 . 3 0
nitroquinoline- 10 6 5 . 8 8 * * * 6 3 . 7 3 * * * 6 9 . 5 4 * * *
N-oxide 100^ - _ —
100 5 7 . 6 3 * * * 6 7 . 8 1 * * * 5 3 . 8 8 * * *
dimethylnitrosamine 1000^ - - -
10000^ — — -
solvent control - 4 2 . 3 9 4 8 . 0 1 4 2 . 6 6
freshly isolated — 2 6 . 9 3
tracheal ring
 ^Cytoxic dose level
Male Wistar rats (8-12 weeks old) were killed by CO  ^asphyxiation and their tracheas were surgically 
removed. Tracheal rings were prepared as described in Materials and Methods, and allowed to aclimatise to 
culture conditions for 24 hours. The tracheal rings were then exposed to the test chemicals dissolved in 
DMSO, which was added to serum-free medium to achieve a final concentration as given. The level of DMSO 
used was 1%. After three hours the medium was replaced with normal growth medium. The tracheal rings 
were then cultured for up to 120 hours.
Figures quoted are the 95th percentile values of pooled data from triplicate wells, each well containing 5 rings.
Solvent controls and chemical-exposed distributions were compared using a chi-square test: 
pcO.05
***p<0.001
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Table 4.4
95th Percentile Values of Nuclear Area Distributions from Tracheal Ring
Cultures as a Percentage of Solvent Control Values
Test Chemical Exposure 
Level (yuM)
Time
24
Point (hours) 
72 120
1 1 0 8 . 9 8 4 . 4 1 0 2 . 8 5
benzo(a)pyrene 10 8 7 . 5 1 0 8 . 8 118 .5*
100 1 0 3 . 6 9 0 . 4 1 0 5 .  6
1 110.1 9 8 . 7 108 . 5
nitroquinol*ne-
*** * * * "kick10 1 5 5 . 4 1 3 2 . 7 1 6 3 . 0
N-oxide 100^ - — -
*** * * *
100 1 3 5 . 9 141.2 1 2 5 . 1
dimethylnitrosamine 1000^ — — -
10000^
* Cytotoxic dose level
Male Wistar rats (8-12 weeks old) were killed by CO  ^asphyxiation and their tracheas were surgically 
removed. Tracheal rings were prepared as described in Materials and Methods, and allowed to aclimatise to 
culture conditions for 24 hours. The tracheal rings were then exposed to the test chemicals dissolved in 
DMSO, which was added to serum-free medium to achieve a final concentration as given. The level of DMSO 
used was 1%. After three hours the medium was replaced with normal growth medium. The tracheal rings 
were then cultured for up to 120 hours.
Figures quoted are the 95th percentile values of pooled data from triplicate wells, each well containing 5 rings, 
as a percentage of the solvent control value. '
Solvent controls and chemical-exposed distributions were compared using a chi-square test:
* p<0.05
***p<0.001
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fig. 4.1: Nuclear size distributions in rat tracheal epithelium in vivo (histogram) or after organ culture for 24, 
72 or 120 hours (line).
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fig. 4.2: Nuclear size distributions in rat tracheal epithelium organ cultures exposed to 1,10 or 100 uM
benzo(a)pyrene (histogram data) or 1% DMSO (line) for 3 hours, followed by culture for a further
24,72 or 120 hours.
Solvent controls and test distributions were compared using a chi-square test:
*;?<0.05
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fig. 4 3 :  Nuclear size distributions in rat tracheal epithelium organ cultures exposed to 1,10 or 100 juM
nitroquinoline-N-oxide (histogram) or 1% DMSO (line) for 3 hours, followed by culture for a further
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4.4 Discussion
Tissue culture represents the middle ground between animal experiments and the 
use of cell cultures for identifying carcinogenic activity. Inflammation and immune 
mechanisms are absent, but tissue organisation, cell population kinetics, and specific cell 
susceptibilities are retained in a near-normal setting, in which a greater control of variables 
is possible than in whole animal studies. Studies with this model can be made similar in 
kind and degree to animal experiments, particularly when the agent is one to which the 
tissue may be normally exposed. The system offers greater reproducibility than is possible 
with animal experiments since numbers of separate test units can be derived from a single 
animal and all test specimens can be maintained in nearly identical culture conditions as 
contrasted to the vagaries encountered in long term maintanance of animals. They can also 
be monitored continuously for carcinogenic effects rather than scored for tumour induction 
at postmortem as is done with studies of carcinogenesis in deep tissues of animals. Tissue 
cultures can also be evaluated according to the histopathological criteria employed by 
pathologists.
Bermudez & Allen (1984) report that the turbinates isolated in their study were 
viable (as assessed by ciliary movement) for up to 2 weeks after isolation. There was 
however, some evidence of "degenerative" changes 24 hours after isolation (Bermudez & 
Allen, 1984). Attempts to maintain nasal turbinates in culture were unsuccessful in this 
study due to the loss of the epithelium after 24 hours. It is not sure whether this was due to 
the method of isolation or to inappropriate culture conditions. However, it was decided 
not to investigate nasal turbinate cultures further.
Tracheobronchial epithelium from a variety of sources has been grown as tissue 
culture using a variety of different culture conditions (Lane, 1978). In this study the 
isolated trachea was carefully divided into rings as per Lane & Miller (1976). This results in 
a number of rings (l-2mm in thickness). These were maintained in growth medium 
containing 10% foetal calf serum. The appearance and development of the tracheal rings 
in this study were similar to that seen by Lane and Miller: there was a gradual change from 
the normal ciliated, pseudostratified epithelium to a stratified epithelium containing 
flattened cells. Also in agreement with the work of Lane & Miller (1976) was the sustained 
level of DNA synthesis (as envisaged by autoradiography) throughout the observation 
period.
A number of studies have shown that a 2 to 4 hour exposure of carcinogens to 
cultured tracheal epithelium is sufficient to induce a UDS response (Hesterberg et a i,
1988; Ishikawa, Takayama & Ide, 1980; Leeman & Feron, unpublished communication).
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Thus, in an attempt to induce nuclear enlargement, the tracheal rings were treated with 
either benzo(a)pyrene, nitroquinoline-A-oxide or dimethylnitrosamine for three hours.
The medium was then replaced with fresh and the tracheal rings were then cultured for up 
to 120 hours. Measurements of the nuclear size were then made.
Benzo(a)pyrene, in common with other polycyclic aromatic hydrocarbons, is an 
activation-dependent carcinogen which is metabolised via a diol-epoxide, to the ultimate 
carcinogen (+)-anti-BP-7,8-dihydrodiol-9,10-epoxide (Hall etal., 1987). This activation is 
catalysed by the sequential action of cytochrome P-450 and epoxide hydrolase in a regio- 
and stereoselective manner.
A number of workers have investigated the effects of benzo(a)pyrene in cultured 
trachea and in vivo. Crocker, Nielsen & Lasnitzki (1965) exposed tracheas of suckling rats 
in organ culture for 7 to 19 days to 7,12-dimethylbenz(a)anthracene, benzo(a)pyrene and 3- 
methylcholanthrene. There was a resultant epithelial hyperplasia and associated increased 
incorporation of DNA precursors into basal cell nuclei. Cigarette smoke condensate has 
been shown to produce the similar effects (Lasnitzki, 1967).
Nodular epithelial growth with cellular atypia has been induced in less than two 
weeks by exposing the cultures to equivalent concentrations of benzo(a)pyrene (0.03 to 10 
^M) in the absence of serum (Lane & Miller, 1976a). These changes persist after removal 
of the carcinogen from the medium (Lane & Miller, 1976b) and so parallel the behaviour 
of human bronchial mucosa in culture (O’Donnell, Crocker & Nunes, 1973).
Continuous exposure to benzo(a)pyrene results in shortened survival of rat tracheal 
epithelium with toxic changes intervening and obliterating the hyperplastic réponse (Lane 
& Miller, 1976). This toxic effect was dose related.
Benzo(a)pyrene failed to induce DNA repair in tracheal epithelial cells in culture 
(Doolittle & Butterworth, 1984). Rat tracheal epithelial cells are not proficient at 
activating benzo(a)pyrene to the active metabolite (Mass & Kaufman, 1983, 197$) and 
intratracheal instillation of a benzo(a)pyrene-ferric oxide fails to induce tumours in the 
tracheal epithelium of rats.
At the concentrations tested, benzo(a)pyrene failed to induce any significant 
changes in nuclear size. Although there were some increased nuclear areas of tracheal 
rings treated with this carcinogen, this was caused by a slight shift in the peak of the 
distribution and not by an increase in the number of nuclei greater than the maximum seen
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in the relevent solvent control. This is consistant with previous studies showing that 
although benzo(a)pyrene will induce a hyperplastic response in rat tracheal epithlium, it is 
not activated to the ultimate carcinogen in the trachea, nor are rats prone to 
benzo(a)pyrene-induced tumourigenesis.
Nitroquinoline-iV-oxide is metabolically activated to 4-hydroxylaminoquinoline-A- 
oxide in a range of tissues in various species. It is a potent carcinogen which has been 
shown to cause lung tumours in rats, mice and rabbits after various administration routes 
(Clayson & Gamer, 1978). In vitro studies have shown it to induce UDS in tracheal 
epithelial cells (Ishikawa, Takayama & Ide, 1980; Wilmer, Leeman & Feron, unpublished 
communication). In this study it produced a small increase in nuclear size at 1 ^M, and a 
very positive increase in nuclear size at 10 at all three time points studied. At the 
highest dose tested (100 wM) it was apparently toxic to the epithelial cells.
Dimethylnitrosamine is also a metabolically-dependent carcinogen, that is 
carcinogenic in a wide variety of species, by a wide range of dose routes, producing mainly 
tumour of the liver, kidney and respiratory tract (lARC, 1978). In rats, inhalation exposure 
causes an increase in UDS in tracheal cells and in hepatocytes (Doolittle et al., 1985) but 
not after gavage exposure. Similarly, in vitro exposure of tracheal epithelial cells to 
dimethylnitrosamine causes an UDS response (at 1 mM) where as gavage exposure does 
not (Doolittle & Butterworth, 1984). Exposure of tracheal rings to 0.1 mM dimethyl­
nitrosamine produced a large increase in nuclear area on all three days examined.
The dose levels of benzo(a)pyrene and dimethylnitrosamine used in this study were 
the same as used by Doolittle & Butterworth (1984). These authors found that there was 
no toxicity at the higher doses of dimethylnitrosamine, in contrary to that found in this 
study. The concentrations of nitroquinoline-A-oxide used were also in the same range as 
used by other workers (Ishikawa, Takayama & Ide, 1980; Wilmer, Leeman & Feron 
unpublished communication) who failed to see any signs of toxicity. However, between 32 
and 100 wM (the two highest doses used), Ishikawa, Takayama & Ide (1980)^there was a 
decrease in the number of silver grains counted. This could be due to toxicity. Further, all 
of these workers did not maintain the cells or organ cultures past the test chemical 
exposure time. The tracheal rings in this experiment were cultured for at least a further 24 
hours, which would allow any toxicity leading to cell death to occur. This is unlikely to 
occur after just three hours.
In this study, the induction of nuclear enlargement in rat tracheal rings maintained 
in culture medium appears to show a similar tissue specifity as UDS with these three
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chemicals. It is also worth noting that Palekar, Kuschner & Laskin (1968) reported that 
continuous exposure to the potent carcinogen 3-methylcholanthrene induced an increase in 
the nuclear-cytoplasmic ratio at two weeks with some change in nuclear size after 1 week in 
culture. These changes were not seen in rings similarly treated with the non-carcinogen 1,2- 
benz(fl)anthracene.
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5. INDUCTION OF NUCLEAR ENLARGEMENT IN PRIMARY 
RESPIRATORY EPITHELIAL CELL CULTURES
Tissue culture methods are labour intensive because embedding and section is 
required before the samples can be be examined. More importantly, the estimation of 
nuclear size is prone to more errors due to the sections presenting non-uniform portions of 
the cell nucleus. This is also true of sections prepared from in vivo experiments. Also, cells 
of the periphery of the trachea (e.g. fibroblasts), which in the intact animal would not be 
exposed to inhaled chemicals, may activate the test chemical, making interpretation of the 
results difficult. In attempt to overcome these difficulties, nuclear enlargement in both 
nasal and tracheal primary epithelial cell cultures was investigated.
5.1 Nasal Turbinate Epithelial Cell Cultures
Nasal turbinate cell cultures were prepared according to the method described by 
Steele & Arnold (1985). Briefly, the naso- and maxillary turbinates and the nasal septum 
were isolated from male Wistar albino rats (8-12 weeks) old. The tissue was incubated at 
37°C for 30 minutes, in a mixture of protease and collagenase to disassociate the epithelial 
cells. After vortexing gently to dislodge the cells, the cells and media were transfered to a 
new tube on ice and foetal calf serum added to 10%. The incubation procedure was 
repeated for a further 30 minutes to maximise cell yield.
Cells from the two incubations were pooled and pelleted by centrifugation then 
resuspended in growth medium. The growth medium consisted of Ham’s F12 plus 10% 
foetal calf serum supplemented with various growth factors (see section 2.4.7). Cell number 
was determined by counting in a haemocytometer and viability determined by trypan blue 
exclusion. The cells were seeded into collagen-coated tissue culture flasks at a density of 
5x10^ per cm .^
Cultures prepared in this way were examined by phase-contrast microscopy for up 
to 7 days. The number of epithelial cells obtained per rat was approximately 4x10^ with 
greater than 90% viability. Freshly prepared cells were seen to consist of small clumps of 
cells containing actively beating cilia. When the preparations were examined after 24 
hours, there were a number of small colonies of eight to twenty cells. These appeared to 
start to multiply after 72 hours in culture, but were rapidly overgrown by fibroblasts.
The problem of fibroblast overgrowth was encountered many times. Attempts to 
eliminate this overgrowth were made by reducing the amount of serum in the growth 
medium, using a different growth substrate and by varying the isolation procedures.
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After an initial plating period of 24 hours, during which the concentration of foetal 
calf serum was kept at 10% to allow attachment of cells, the concentration of foetal calf 
serum was varied from 0 to 10%. After the plating-period, there were again numerous 
small colonies of epithelial cells. At "growth-medium" levels of 0 or 1 % foetal calf serum, 
no fibroblast overgrowth was observed, but the epithelial cell colonies failed to grow and 
detached after 5 days. At 3% foetal calf serum, fibroblast overgrowth was again observed. 
The use of 3T3-conditioned medium did not solve this problem.
The same results were also seen when trypsin (0.2%) or trypsin-EDTA (0.02%/ 
0.05%) were investigated as the isolation mixtures. These procedures also gave lower yields 
of cells (approximately 0.5x10^ per rat) with lower viability (70%)
Falcon "Primaria" flasks and fibronectin-coated flasks were examined as alternative 
growth substrates. "Primaria" flasks are designed to inhibit fibroblast growth but failed to 
inhibit overgrowth at any of the foetal calf serum concentrations investigated. Cells failed 
to attach to fibronectin coated flasks.
In view of the problems encountered with the fibroblast overgrowth, and the success 
being achieved with tracheal epithelial cells, the use of nasal epithelial cell cultures was 
discontinued and future work concentrated on the tracheal cells.
5.2 Preparation and Growth Characteristics of Tracheal Cell Cultures
Isolated tracheal epithelial cell cultures were prepared according to the method of 
Wu, Sato & Whitcutt (1986). This involved the surgical isolation of the trachea and filling 
the lumen with a 1% protease solution (section 2.4.8). The tracheas were then incubated at 
37°C for 1.5 hours and the cells flushed out of the trachea using growth medium containing 
10% foetal calf serum. The cells were pelleted by centrifugation and resuspended in serum- 
free growth medium, before being enumerated and the viability assessed as normal. Typical 
recoveries were 2x10^ per trachea, with greater than 90% viability.
Tracheal cells, seeded at a density of lOCX) cells per cm^, were grown in a 1:1 
mixture of Ham’s F12 and 3T3-conditioned Dulbeccos MEM (containing 10% foetal calf 
serum) and supplementary growth factors (section 2.4.8), on collagen-coated substrates. 
Initial experiments were performed using serum-free medium but tracheal cells failed to 
multiply in this. The inclusion of the 3T3-conditioned medium significantly increased cell 
turnover.
Cultures were examined daily by phase-contrast microscopy. The freshly isolated
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cell preparation consisted of clumps of cells (2 to 10 cells per clump). An obvious feature 
of the fresh preparation (as with freshly isolated nasal epithelial cells) was the numerous 
cells with actively beating cilia. These ciliated cells could be seen in many cell clumps of all 
sizes and were visible for up to 72 hours after seeding, both free-floating and in colonies of 
cells which had attached.
The cells had attached after 24 hours, forming small colonies of hexagonal cells. 
Occasional fibroblasts were seen (estimated at less than 1% of total cells) but these failed 
to multiply in the culture conditions used (Plate 5.1). The epithelial cells began to multiply 
48 to 72 hours after plating and reached confluency in 7 to 10 days. After this time the cells 
did not appear to multiply further but remained viable for at least two weeks.
In order to confirm that the tracheal cells were synthesising DNA (and so actively 
growing), tracheal cell were isolated and seeded onto collagen-coated coverslips and 
continously exposed to %-thymidine during successive 24 hour periods. The cells were 
then fixed and autoradiographs prepared. At each time point, 1000 cells from each of three 
coverslips were counted and the number of nuclei totally covered with silver grains (i.e. S 
phase cells) were noted and calculated as a percentage of total counted. The results are 
represented graphically in fig. 5.1.
As can be seen from this, there were very few S-phase cells in the first 24 hours. 
There was a gradual increase in the number of S-phase cells at successive time points until 
85.1% of cells were labelled in the 24 hour period up to 96 hours after seeding.
From this it can be concluded that there was little cell growth and division for the 
first 48 hours, but subsequent to this there was high rates of cell growth. In order that 
nuclear enlargement can be observed, rapid cell growth is necessary. Thus, in subsequent 
experiments the cells were seeded and allowed to begin division before exposure to test 
chemicals after 72 hours in culture.
5.3 Assessment of Test Chemical Toxicity
A number of chemicals (carcinogens and non-carcinogens) were chosen to test their 
ability to induce nuclear enlargement. The carcinogens were chosen as typical examples of 
pre- and proximate carcinogens, but not necessarily representative of typical respiratory 
carcinogens. The pre-carcinogens used were benzo(a)pyrene, 7,12- 
dimethylbenz(a)anthracene, nitroquinoline-iV-oxide, dimethylnitrosamine and 
nitrosopyrrolidine. Proximate carcinogens used were nitrogen mustard and methyl 
methanesulphonate. Non-carcinogens tested were analogues of carcinogens, pyrene and
100
Plate 5.1: Primary rat tracheal re^iratory epithelial cells 24 hours after initial plating (*) with fibroblast 
contaminantion (arrowed) (xlO objective).
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fig. 5.1: Percent of rat tracheal epithelial cells in primary culture. Tracheal epithelial cells 
were seeded at a density of 1x10  ^cells per cm  ^and pulse treated with 
thymidine (lO^C/ml)
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anthracene. All chemicals were either dissolved in either DMSO or PBS "A" (section 2.4.9), 
the final concentration of which was 1%.
In order to decide upon the concentrations of these chemicals to be used, an 
experiment was performed in which tracheal cells were exposed to a range of 
concentrations of the test chemical for three hours. The six log-increment exposure levels 
were used were upto 100^M  (for the nitrosamines the concentrations were upto 10 mM). 
Appropriate solvent controls were employed. These levels were chosen because lOO^M 
was on the limit of solubility for those chemicals dissolved in 1% DMSO, when added to 
growth medium. The higher concentrations was used for the nitrosamines because a 
positive UDS response had been shown to occur at this level (Doolittle & Butterworth, 
1984).
Isolated tracheal cells were seeded into 24-well plates, and allowed to attach for 72 
hours before treatment with the test chemicals. After this time the medium was removed 
and 1 ml of serum-free medium, containing the test chemical, was added to each well. 
Quadruplicate wells were used for each exposure level. After three hours, the medium was 
removed and each well rinsed three times with warm PBS "A". After the final rinse, new 
growth medium was added to each well and the cells were allowed to grow for a further 3 
days.
At the end of the three day growth period the medium was removed and the protein 
content of each well was estimated by measuring the relative absorbances (at 570 nm) after 
staining with Kenacid Blue (Knox et al., 1986). These where then calculated as percent of 
solvent control. The results of this experiment are given graphically in fig. 5.2. As can be 
seen, with the exception of nitroquinoline-A-oxide, the absorbance values did not fall 
below 50% of solvent control. The low value for nitroquinoline-iV-oxide is undoubtedly due 
to the high toxicity of this compound above 10 wM, as confirmed by the absence of cells 
visible by microscopy.
5.4 Induction of Nuclear Enlargement in Tracheal Epithelial Cell Cultures
In view of the results from the above experiment, it was decided to use 0.1, 1, 10 and 
100y^M (0.01, 0.1, 1 and 10 mM for the nitrosamine) as the test concentrations in the 
nuclear enlargement assay. The decision to expose tracheal cells to levels of
nitroquinoline-iV-oxide exceeding IQwM was taken as it was felt that there may be some 
effect on nuclear size, at an earlier time point than 3 days.
Induction of nuclear enlargement was attempted by exposing tracheal epithelial
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fîg. 5.2: Comparative toxicity of various test chemicals estimated by protein content. Freshly isolated tracheal 
epithelial cells were seeded into 24-well Multiwells at a density of 5000 cells/well. 72 hours later the 
cells were pulse-treated with the test chemicals for 3 hours and the medium replaced. After a further 
72 hour culture period, the protein content was measured by staining with Kenacid blue and 
measuring the absorbance at 570nm. Results are expressed as a percentage of appropriate solvent 
control and show the mean of four wells + S.E.M.
cells to the test chemicals for three hours, 72 hours after plating out. The medium was 
removed after the three hour treatment, the cells rinsed with PBS "A ", and new growth 
medium added. The cells were cultured for a further 24, 72 or 120 hours before fixation 
and staining with gallocyanin-chrome alum and measuring the nuclear size. Each exposure 
level was performed on triplicate samples, 200 nuclei from each sample where measured. 
The results were then averaged over the triplicates and the percentage of nuclei in each 
size group calculated. Median and 95th percentile were calculated and are presented in 
Tables 5.2 and 5.4. Tables 5.3 and 5.5 show these values as a percent of appropriate solvent 
control. A chi-square test was performed on the whole distribution to compare solvent 
control and test chemical exposed distributions.
5.4.1 Solvent Controls
Cultures of rat tracheal epithelial cells which had been treated with 1% DMSO or 
PBS "A " showed similar distribution patterns at all three time points (fig. 5.3). The median 
values were approximately 200 to 220 jm ?  for both controls at all time points. There were, 
however, slight differences in the 95th percentiles at 120 hours after treatment. The values 
of the 95th percentiles at 24 and 72 hours were in the region of 320y^m^, but at 120 hours 
this had risen to 390^m^. In association with this there was a definite development of a 
second, smaller peak at about 400^m^ in both DMSO and PBS "A" treated cultures. This 
was visible in the PBS "A" treated cultures at 72 hours, but without the associated tailing of 
nuclear areas above 400^m^. The distributions of test and solvent controls are not 
significantly different at any of the time points, when tested by a chi-square test.
5.4.2 Nitrosopyrrolidine
Tracheal cells treated with nitrosopyrrolidine at concentrations of 0.01, 0.1, 1 or 10 
mM all had a reduced nuclear area at 24 hours after treatment, when compared to 
PBS 'A' -treated controls (fig 5.4). This decrease in size appeared to be greatest at 0.01 mM 
(a reduction of 37.42% in median and 34.26% in the 95th percentile) but least at 10 mM 
nitrosopyrrolidine (where the reduction in median size was 25.53% and there was a 14.02% 
reduction in the 95th percentile), with the exception of nuclear areas of cells which had 
received 0.1 mM nitrosopyrrolidine. The cell cultures which received this concentration of 
test chemical had the lowest value of median and 95th percentile of any of the 
concentrations tested.
After 72 hours of treatment, there was an increase in both nuclear size median and 
the 95th percentile. In contradiction to the 24 hours samples, the largest increase occured 
at 0.01 mM nitrosopyrrolidine (50.43% increase in median and 64.98% increase in 95th 
percentile). This trend had again been reversed at 120 hours.
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Plate 5A  Colony of rat tracheal epithelial cells 24 hours after plating (xlO objective).
Plate 5 3 :  Rat tracheal epithelial cells after 72 hours in culture with mitotic figures (arrowed) (xlO objective).
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TPlate 5.4: Rat tracheal qiithelial cells after 72 hours in culture with a cell undergoing mitosis (arrowed) (xlCX) 
objective).
Plate 5A  Rat tracheal ^thelial cells 72 hours after exposure to 1(X)dimethylnitrosamine (x2S objective). 
Note wide variation in nuclear size.
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If the individual dose levels are examined, with exception of 0.1 mM 
nitrosopyrrolidine, the greatest increase generally occured at the 72 hour time point. With 
a dose level of 0.1 mM, this maximum increase occured at 120 hours after treatment. The 
same can also be said of the median value from 1 mM treated cultures which had further 
2.4% increase between 72 and 120 hours.
Examination of the individual distributions of nuclear size (fig. 5.4) confirms that 
there was a definite decrease in nuclear size at all doses examined, 24 hours after 
treatment. After 72 hours there was very little difference in the distributions of control and 
those cells treated with 0.1 mM nitrosopyrrolidine. At a dose level of 0.01 mM, there was a 
definite shift in the distribution curve to one of an overall increase in nuclear size. At 1 and 
10 mM there was also a slight shift to the higher nuclear sizes, but this was not as 
prominant.
A chi-square comparison between test and control cultures showed that there was 
no significant difference at 72 hours after treatment with 0.1 mM nitrosopyrrolidine, nor 
after 120 hours of 0.01 mM. At a dose of 10 mM there was a significant difference of 
p<0.05 at 120 hours. All other time points and treatment levels had a significant difference 
of /?<0 .001.
5.4.3 Dimethylnitrosamine
As with nitrosopyrrolidine, treatment of tracheal epithelial cells with 0.01, 0.1, 1 or 
10 mM dimethylnitrosamine produced an initial decrease in nuclear area (fig 5.5). While 
this was clearly inversely related to dose when the values of the 95th percentiles were 
examined, the relationship was not so obvious with the median values, with the 1 mM 
dimethyl-nitrosamine treated samples having a large peak at 75 to 125juw? which caused a 
shift in the median value.
At 72 hours after exposure to the carcinogen, the reduction in nuclear size had 
again been reversed and there was an increase in the median and 95th percentile values.
The greatest increase in median values occured at a dose level of 1 mM dimethyl­
nitrosamine, with the values at the other doses all in the region of 14%. The greatest 
increase in the 95th percentile value was after a dose of 0.1 mM. At higher doses, there was 
a gradual decrease in percent increase in size.
The largest increases in both the median values and the 95th percentiles occured 
after 120 hours. There was an increase in both these values of about 30-40%, with the 
greatest increase at 0.1 mM in both cases. However, at a dose of 10 mM there was less of
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an increase in size with an actual reduction in the median value of 4.3%.
Again these changes are mirrored in the overall distribution patterns (fig. 5.4).
There were definite decreases in nuclear size after 24 hours at all dose levels. At the 72 
hour time point there was a slight shift to the right in all test distributions and the 
development of large numbers of nuclei at the maximum size seen in control distributions. 
This continued in the 120 hour sample with tailing to the right of the distribution and the 
definite numbers of nuclei with extremely large nuclei.
A chi-square performed on test and control distributions revealed that there was a 
highly significant difference (p<0.001) in all samples except 10 mM dimethylnitrosamine 
(72 hours) (p<0.01) and 10 mM at 24 and 120 hours, which were not significant.
5.4.4 Nitrogen Mustard
This carcinogen again produced a reduction in the nuclear size of rat tracheal cells, 
24 hours after treatment although only significant at lO^M. This was apparent from the 
overall distribution of test and control samples (fig. 5.6) where there was a very definite 
shift to the left of the control distribution. At a dose level of 100^ M  there appeared to be 
no overall difference in the two distributions, although there was a slight increase in the 
number of nuclei of areas between 400 and 500^vc?. This was reflected in the higher values 
for the median and 95th percentile.
After 72 hours of culture there were increases in all median and 95th percentile 
values, and a shift to the right in the distributions. Median values increased by between 13 
and 29%, and the 95th percentiles by 26 to 39%. There appeared to be very little dose- 
response relationship in either of these. However, examining the overall distribution 
suggested that there might be an increasing nuclear size with increasing dose.
This dose-response relationship was also apparent at 120 hours after treatment with
an increasing shift to the right in the overall distribution, and in the values of the median 
and 95 th percentiles.
A chi-square distribution test revealed that all 72 and 120 hour test distributions 
were significantly different (p<0.001) as was the 10 ^ M  24 hour sample. All other 
distributions were not significantly different from control samples.
5.4.5 Methyl Methanesulphonate
There was a reduction in nuclear area of cells treated with methyl
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methanesulphonate after 24 hours of culture. This was apparent from both the distribution 
curves (fig. 5.7) and the values of the median and 95th percentiles. There was a shift to the 
left in the distribution curves, although this is not as significant at the 1 uM  dose.
With the exception of those cells which had received 0.1 methyl 
methanesulphonate and which showed very little change, 72 hour cultures all had marked 
increases in the nuclear areas. Median values increased by approximately 60% with a 
corresponding increase of about 50% in the median value. The distribution curves showed 
very definite displacement to the right of the control.
At 120 hours after treatment, there were again increases in the nuclear areas of 
treated cells, but these were not as pronounced as at 72 hours. Median values had 
increased by 20-30% over control, with 95th percentiles increasing between 20-40%. The 
cultures treated with 0.1 ^M  methyl methanesulphonate also showed some increase in size 
above control.
No relationship between dose and response could be observed in tracheal cells 
treated with this carcinogen, all cultures showing approximately the same response at the 
same day. The exception to this was the 0.1 ^M dosed culture at 72 hours which did not 
have any apparent increase in nuclear size above control. This dose level also had the 
maximum increase in nuclear size at 120 hours, where as all others had a maximum 
increase at 72 hours.
A chi-square test performed between control and test data indicated that all tests 
were highly significantly different (p<0.001), except for the 24 hour sample of the 0.1 ^ M  
dosed cultures (p<0.05) and the 24 hour sample of the 1 ^ M  methyl methanesulphonate 
dosed culture which was not significantly different. Similarly, the 72 hour culture of the 0.1 
wM dosed culture had no significant difference.
5.4.6 Benzo(a)pyrene
Examination of the median values of the 24 hour samples reveals that there were 
small decreases in nuclear size in cultures treated with benzo(a)pyrene which was only 
significant at 10 ^M. Examination of the distribution curves (fig. 5.8) revealed that they 
were similar to control, with only a very slight shift to the left.
There were also small changes in the distribution curves, 72 hours after treatment 
with benzo(fl)pyrene. The peak of the test distributions had shifted to the left by a small 
amount with corresponding increases in the median and 95th percentile. At the 100^M
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dose level, there was a massive shift in the nuclear distribution curve with an 80% increase 
in the calculated parameters. There appeared to be a dose response at this time point with 
the numbers of nuclei with an area of greater than 400 wm ,^ with increasing dose of 
benzo(a)pyrene. There was a significant difference (p<0.001) between test and control at 
all doses.
With the doses 0.1, 1 and 10 there were further increases in the nuclear size of 
the treated cells after 120 hours. At a dose of 100 benzo(a)pyrene the size distribution 
was near that of control. In both the median and 95th percentile values, the maximum 
increase occured at a dose level of 1 ^ M . Above this, the higher dose had the least increase 
in size. With all samples there were significant numbers of cells with nuclei of greater area 
than found in the control. At 120 hours, only 0.1 and 1 benzo(a)pyrene had a
significant difference by the chi-square test (p<0.001).
5.4.7 Pyrene
Exposure of rat tracheal epithelial cells to pyrene resulted in little or no changes in 
the nuclear area distributions (fig 5.9). After 24 hours there were slight increases in the 
median and 95th percentile of the cells treated with 0.1 pyrene (by 9% and 6%
respectively) but there was a decrease at the other dose levels. Examination of the 
distribution showed that there was no obvious shift in the position of the distribution, as 
compared to the control sample.
At 72 hours after treatment there were some minor increases in the median and 
95th percentiles (of about 10%) in those cultures which had been exposed to 1 wM or 
above of pyrene. In those which had been exposed to 0.1 pyrene, the nuclear size 
distribution had shifted to the left, with a decrease in the median and 95th percentiles. 
There were also very few nuclei in excess of the maximum size seen in control nuclei.
There was also very little difference in the nuclear distributions of test and control 
samples at 120 hours. Although there were changes in the median and 95th percentiles, 
there was no great overall increases or decreases in nuclear areas.
5.4.8 Dimethylbenz(a)anthracene
7,12-Dimethylbenz(a)anthracene treated cultures exhibited a decrease in nuclear
size at 24 hours (fig 5.10). This was most marked with cultures receiving 1 0 0 7 , 1 2 -  
dimethylbenz(fl)anthracene which had an almost 50% drop in the median and 95th 
percentile values. The nuclei of the cells which had received this concentration of the 
carcinogen were small dark and round, which would indicate that they were pyknotic.
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After a further 48 hours of culture there had been a massive shift in the distribution 
of nuclear areas. The increase in the median values suggested that there might be an 
inverse dose-response relationship although examination of the 95th percentiles overall 
distribution appeared to contradict this.
By 120 hours after treatment there was still an increase in nuclear size above control 
but this was less pronounced than at 72 hours.
A chi-square test showed that all 72 and 120 hour samples were significantly 
different from control (p<0.001) as was the 1 0 0 7,12-dimethylbenz(a)anthracene dosed 
sample at 24 hours. All other cultures were not significantly different from control.
5.4.9 Anthracene
Exposure of tracheal cells to anthracene induced very little change in the nuclear 
size distributions of test and control specimens (fig 5.11). At 24 hours there was some 
decrease in the median (approximately 20%) and 95th percentile values (10%). There was 
also a slight shift in the distribution curve to the left of the control distribution. A chi- 
square distribution test indicated that the 1 and 10 anthracene-dosed sample was 
significantly different form control (p<0.05 and p<0.001 respectively)
At 72 hours, with the exception of the 1 0 0 dosed cultures there was no 
difference between control and tests. At a dose level of 100 nM the overall distribution is 
one of smaller nuclei than in controls. This culture was the only one significantly different 
from control (p<0.001).
After 120 hours there was no significant differences between test and control 
samples.
5.4.10 Nltroquinoline-iV-oxide
Nitroquinoline-iV-oxide was toxic to rat tracheal epithelial cells when dosed at a 
level of 10 or 100^M , causing detachment of the cells from the coverslips.
In tracheal epithelial cells exposed to 0.1 or 1 juM nitroquinoline-iV-oxide there was 
a sustained increase in nuclear area at all three time points (fig. 5.12). At 24 hours there 
was an increase in the median value of 4.1% at a dose of 0.1 and of 19.5% at 1 ^M. 
Corresponding 95th percentiles were increased by 12.8% and 23.2%. However, the overall 
distribution (fig. 5.11) seemed to suggest that the increase in size of the 0.1 
nitroquinoline-iV-oxide dosed cells was negligable, but there was some flattening of the
111
distribution. With a dose of 1 there did appear to be a shift in the peak of the 
distribution and there was a few cells with very large nuclei (greater than 600 fm ?).
At 72 hours there had been a definite shift in the distribution of the nuclear area of 
cell exposed to 0.1 jkM nitroquinoline-A-oxide, although few nuclei appeared to be greater 
than the maximum size seen in controls. This was also seen from the relative increases in 
the median and 95th percentiles. There was a 38% increase in the median value but only a 
16% increase in the 95th percentile. The cells which had been exposed to 1 
nitroquinoline-A-oxide also had an increased nuclear size but this time there was a greater 
than 50% increase in the median and 95th percentile. There were also a number of large 
nuclei appearing.
After 120 hours there was still a difference between control and those cells which 
had been exposed to 0.1 nitroquinoline-A-oxide, with 50% increases in the median and
95th percentile. There were also a number of nuclei with sizes greater than that seen in 
control. However, there were only slight differences between control and 1 AM dosed cells.
5.6 Discussion
The identification of environmental carcinogens and the assessment of the potential 
risks of these substances to humans require experimental systems to measure quantitatively 
the activity of potential carcinogens. Cell culture systems are potentially very useful 
experimental models for such studies, being relatively simple and inexpensive. The most 
relevant cell culture systems employ cells that are from the target tissues for environmental 
carcinogens, i.e. respiratory epithelial cells.
A number of model systems are currently available to study respiratory epithelial 
cells in culture (reviewed in Wu, 1985). These include organ cultures (investigated in 
Chapter 4), explant outgrowth cultures and feeder-layer cultures. Explant cultures depend 
on an epithelial cell sheet growing out from the edge of a piece of tissue. This system has 
been used in a number of carcinogenicity studies {e.g. Marchok & Martin, 1987) but has a 
number of disadvantages including heterogeneity of the cell types present in culture, 
variability of the explant to initiate cell outgrowth and the strong influence of the presence 
or absence of the explant tissue on the rates of proliferation (Wu, 1985). Feeder layer 
cultures involve the culture of dissociated epithelial cells on a layer of irradiated or 
mitomycin-C treated 3T3 fibroblasts (Thomassen et a l, 1983).
All of these systems suffer from a common problem, namely that experimental 
design and interpretation may be complicated by the presence of fibroblasts and other non-
112
&%
Plate 5.6: Rat tracheal epithelial cells 72 hours after exposure to 10 «M meüiyl methanesulphonate (x25 
objective). Note consistantly enlarged nuclei as compared to Plate 5.5.
Plate 5.7: Rat tracheM epithelial cells 24 hours after exposure to 100 uM 7,12-dimethylbenz(a)anthracene 
(x25 objective). Nuclei are considerably smaller than Plate 5.5. Pyknotic nuclei are also present 
(arrowed).
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Table 5.1
Median Values (pm )^ of Primary Rat Tracheal Epithelial Cell Cultures
Test Chemical Exposure Time Point (hours)
Level i f j M ) 24 72 120
nitrosopyrrolidine 10 132. c : 325.1*** 186.5
100 222.4
263.0***
244.1*** 224.0**
1000
ipooo
dimethylnitrosamine 10
100
E l ; : :
247.4***
264.8***
271.2***
259.1***1000
10000 158.2 194 . 0
nitrogen mustard 0.1
1
160.3 262.2***
S : i =
245.2***
265.7***
307.4***
279.2***
10
100 221.9
methyl methanesulphonate 0.1
1
173.2*
i E l : : :
216.4
i l E p
257.9***
262.9***
265.7***10
100 250.2***
benzo(a)pyrene 0.1 165.2 245.2** 288.3***
1 189.3
185.4**
261.8***
243.5***
404.4***
371.0***
10 239.7
100 193.4 231.1
pyrene 0.1 217.6** 104.1::: 214.0
1 190.6 242.6
241.0***
257.9***
216.9
10 190.1 173.9
100 181.9 198 .3
7,12-dimethylbenz(a)- 0.1 171.4 382.8*** 265.2***yk ifr
anthracene 1 166.0
E E : : : 265.1***
10
100
anthracene 0.1 141.8 227.3
223.7***
243.7**
190 .4
1
10
231.7
197.8
100 162.6 213.5 179.0
nitroquinoline-N- 0.1 208.3::: 311.3::: 305.7***
oxide 1 239.0 342.2 211.5
10^ — — -
100^ — — -
solvent control 200.0 224.9 198.4
PBS "A" control 211.9 216.1 202.7
* Cytotoxic dose
Tracheal epithelial cells were prepared as described in Materials and Methods and exposed to the test 
chemicals for three hours. Hie medium was then replaced with and the cells cultured for a further 24,72 or 
120 hours. At this time, the cells were fixed, stained with gallocyanin-chrome alum, and mounted in DPX. 
Nuclear area was measured in 200 cells from each of three repl|<^s.
A chi-square test was performed between test chemical and appropriate solvent control distributions: 
*p<0.05 **p<0.01 ***p<0.001
Table 5.2
Median Values of Prim ary Rat Tracheal Epithelial Cell Cultures as 
a Percentage of Solvent Control
Test Chemical Exposure Time Point (hours]1
Level (/jM) 24 72 120
nitrosopyrrolidine 10
100
1000 ii 150.4***112.9*** 92.0110.5**lOOOl
dimethylnitrosamine 10
100
127.81000
10000 74.7 95.7
nitrogen mustard 0.1
1
85.1 121.3*** 120.7***
131.1***
151.7***
137.7***
10
100 104.7
methyl methanesulphonate 0.1
1
10
85.1*
El;:::
100.1
161.3***
127.2***
129.7***
131.1***
123.4***100
benzo(a)pyrene 0.1
1
82.6
94.6 
92.7**
96.7
109.0**
116.4***
108.3***
179.8***
145.3*** 
187.0***
10
100
120.8
116.5
pyrene 0.1 108.8** 107.9
1 95.3 107.8 109.3
10 95.1 87.6
100 90.9 99.9
1 , 12-dimethylbenz(a) - 0.1 85.7 133.7***
'k  "ik "ic
anthracene 1 83.0 153.7 153.6
141.9***
133.6***
10
100
anthracene 0.1 70.9 101.1
103.5***
108.3**
95.9
1
10
116.8
99.7
100 81.3 94.9 90.2
nitroquinoline-N- 0.1 138.C 154.1***
oxide 1 119.5 152.2 106.6
10^ — - —
100^ - - —
Cytotoxic dose level
Tracheal epithelial cells were prepared as described in Materials and Methods and exposed to the test 
chemicals for three hours. The medium was then replaced with and the cells cultured for a further 24,72 or 
120 hours. At this time, the cells were fixed, stained with gallocyanin-chrome alum, and mounted in DPX. 
Nuclear area was measured in 200 cells from each of three replicates.
Figures quoted are the median values of the distributions as a percentage of appropriate solvent control 
A chi-square test was performed between test chemical and appropriate solvent control distributions:
p < 0 . 0 5
p < O . O l
p<0.001
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Table 5.3
95th Percentile Values i^rr?) of Primary Rat Tracheal Epithelial Cell Cultures
Test Chemical Exposure Time Point (hours)
Level { j M ) 24 72 120
nitrosopyrrolidine 10
100 i ;p :
538.0***
374.2**
371.7
469.5***
445.5***
440.8**
1000
10000
dimethylnitrosamine 10
100 l i i s 392.9**446.8*** 533.3***558.2***539.5***1000
10000 325.6 470.0
nitrogen mustard 0.1
1
304.4 413.4***
• g EEE651.3***10100 394.1
methyl methanesulphonate 0.1
1
311.9*
293.3
336.6 _ 
518.6** 
482.1*** 
492.8**
562.5***
505.7***
555.3***
572.3***
10
100
benzo(a)pyrene 0.1 287.8 529.9***
1 319.4__ El'::: 681.8***10 271.1 647.8100 315.6 514.4
pyrene 0.1 322.2** 399.2
1 277.3 402.1 449.2
10 ' 303.8 304.8
100 269.7 347.4
1 , 12-dimethylbenz(a)- 0.1 329.6 514.2***
anthracene 1 272.8 EE::: 609.3559.0***530.0***10100 283.6158.8***
anthracene 0.1 278.8
337.5**
355.0
1
10
456.7
400.0
100 258.6 314.6 460.2
nitroquinoline-N- 0.1 3 9 0 . 2 % 604.0***
oxide 1 344.2 522.9 415.3
10^ - — —
100* - — —
solvent control 305.2 334.2 389.4
PBS "A" control 326.7 326.1 401.0
Cytotoxic dose
Tracheal epithelial cells were prepared as described in Materials and Methods and exposed to the test 
chemicals Tor three hours. The medium was then replaced with and the cells cultured for a further 24, 72 or 
120 hours. At this time, the cells were Fixed, stained with gall@<%^in-chrome alum, and mounted in DPX. 
Nuclear area was measured in 200 cells from each of three rejnicates.
A chi-square test was performed between test chemical and appropriate solvent control distributions:
* n<O.OS fxO.Ol fxO.OOl
Table 5.4
95th Percentile Values of Prim ary Rat Tracheal Epithelial Cell Cultures
as a Percentage of Solvent Control
Test Chemical Exposure Time Point (hours)
Level i p M ) 24 72 120
nitrosopyrrolidine 10 iii 164.9*** 92.7117.1***111.1***109.9**100100010000 EE::
dimethylnitrosamine 10
83.6***
120.5**Eg 132.9***%:::100100010000 99.7 117.2
nitrogen mustard 0.1 93.2 126.8*** 
133.8 **
121.6***
121.6***
163.2***
162.4***
1
10
100 120.6
methyl methanesulphonate 0.1
1
10
100
95.5* :E::
151.1***
140.2***
126.1***
benzo(a)pyrene 0.1
1
10
100
94.3
104.6
88.8**
103.4
110.6**
110.0***
122.9***
187.9***
136.1*** 
175.1*** 
166.3 
147.5
pyrene 0.1 105.6** 83.4*** 102.5
1 90.8 120.3***
108.7***
111.6***
115.4
10 99.5 78.3
100 88.4 89.2
1 , 12-dimethylbenz(a)- 
anthracene
0.1
1
10
100
107.9
89.4 isi
177.4***
::::
143.6***
136.1***
anthracene 0.1
1
91.4
1“ : : -
100.9**
91.2
117.3
10 102.3
100 84.7 94.1 118.2
nitroquinoline-N- 0.1 iiz-sZZ, iiG.s::: 155.1***
oxide 1 123.2 156.2 106.1
10* — - —-
100* - —
Cytotoxic dose level
Tracheal epithelial cells were prepared as described in Materials and Methods and exposed to the test 
chemicals for three hours. The medium was then replaced with and the cells cultured for a further 24,72 or 
120 hours. At this time, the cells were fixed, stained with gallocyanin-chrome alum, and mounted in DPX. 
Nuclear area was measured in 200 cells from each of three replicates.
Figures quoted are 95th percentiles as a pereceniage of appropriate solvent control
A chi-square test was performed between test chemical and appropriate solvent control distributions:
p<o.o5
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fig. 53: Nuclear size distributions of cultured rat tracheal epithelial cells exposed to 1% DMSO or PBS"A" 
for 3 hours and cultured for a further 24,72 or 120 hours.
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fig. 5.4: Nuclear size distributions of cultured rat tracheal epithelial cells exposed to 10,100,1000 or
1 0 0 0 0 nitrosopyrrolidine (histogram) or PBS "A" (line) for 3 hours and cultured for a further 24,
72 or 120 hours.
Solvent control and test distributions were compared using a chi-square test:
»* f<0.01
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fig. 53: Nuclear size distributions of cultured rat tracheal epithelial cells exposed to 10,100,1000 or
10000 pM dimethylnitrosamine (histogram) or PBS "A" (line) for 3 hours and cultured for a further
24,72 or 120 hours.
Solvent control and test distributions were compared using a chi-square test:
*♦ /k O.OI 
/xO.OOl
121
24 Hours 72 Hours 120 Hours
20 _
15 _
10 _
5 _
25
15
"O  10 O u 3
3 5
"3 '
"a
20 .H
10
100 uM
1000
10 _
lOOOO^M
J
1 itll 11 111 «« ir .. 11
* ❖
ikk
'
j I I I fllull if ^ . 1. ■
Mû
0 1 2 3 4 5 6 7 9 10 0 1  2 3 4 5 6 7 8 9  10 ® 1  2 3 4  5 6  7 8  9 10
Nuclear Arc&% 100
fig. 5.6: Nuclear size distributions of cultured rat tracheal epithelial cells exposed U) 0 .1,1,10 or
100 fiM  nitrogen mustard (histogram) or PBS "A" (line) for 3 hours and cultured for a further 24, 72
or 120 hours.
Solvent control and test distributions were compared using a chi-square test:
*** p<0.001
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fig. 5.7; Nuclear size distributions of cultured rat tracheal epithelial cells exposed to 0.1,1,10 or
100 jiM  methyl methanesulphonate (histogram) or PBS "A" (line) for 3 hours and cultured for a
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Solvent control and test distributions were compared using a chi-square test:
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fig. 5.8: Nuclear size distributions of cultured rat tracheal epithelial cells exposed to 0 .1 ,1 ,10  or
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Solvent control and test distributions were compared using a chi-square test:
** /k O.01
*** p<0.001
127
24 Hours
25
20
15 _
10
-aou
3in
a
CJ
CJ
u
3
z
*3
O
H
0
25
20 _
15
10
0.1 wMr
iLMf-
0 I il
25
L
20 _
15
10
0
25 , 
20 _  
15 
10 _  
5 _
10 uM
A
ilwzA.
lOOy^ M
72 Hours 120 Hours
Ilk.
i Jm-
10 0 1 2 3 4 5 6 7 8 9  10
128
Nuclear Area (x 100pni^)
fig. 5.9; Nuclear size distributions of cultured rat tracheal epithelial cells exposed to 0.1, 1,10 or
100 kM pyrene (histogram) or DMSO (line) for 3 hours and cultured for a further 24, 72 or 120
hours.
Solvent control and test distributions were compared using a chi-square test:
p<0.01
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fig. 5.10: Nuclear size distributions of cultured rat tracheal epithelial cells exposed to 0.1, 1,10 or
1 0 0 7,12-dimethylbenz(a)anthracene (histogram) or DMSO (line) for 3 hours and cultured for a
further 24,72 or 120 hours.
Solvait control and test distributions were compared using a chi-square test:
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fig. 5.11: Nuclear size distributions of cultured rat tracheal epithelial cells exposed to 0 .1,1,10 or
100 fiM  anthracene (histogram) or DMSO (line) for 3 hours and cultured for a further 24,72 or 120
hours.
Solvent control and test distributions were compared using a chi-square test:
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fig. 5.12: Nuclear size distributions of cultured rat tracheal epithelial cells exposed to 0 .1 ,1 ,10 or
100 fiM nitroquinoline-N-oxide (histogram) or DMSO (line) for 3 hours and cultured for a further 
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Solvent control and test distributions were compared using a chi-square test:
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epithelial cell types in the cultures. This has led to the development of a fourth type of 
epithelial cell culture: dissociated cell culture in serum-free and/or growth factor 
supplemented medium. The presence of serum in the medium can promote the growth of 
fibroblasts (Ham, 1981) and inhibit the growth of epithelial cells (Lechner et al ,  1984). The 
effects of serum can be reduced by using medium conditioned by fibroblasts (Wu, 1985) or
Ê/b oA.
the use of epidermal growth factor or cholera toxin (Lechner^ 1984). In this study, attempts 
were made to culture both isolated nasal and tracheal epithelial cells using this latter type 
of system.
Nasal tumours are readily induced in animals by certain chemicals following 
inhalation (Swenberg et al., 1980; Lee & Trochimowicz, 1982) and other routes {e.g. Reznik 
-Schuller, 1985% The incidence of nasal tumours in the human population is generally low 
but certain occupational groups, such as leather and wood workers (Acheson, 1976) 
have a greater risk. As rodents are obligate nasal breathers, the induction of tumours in the 
nasal cavity could be indicative of possible carcinogenicity lower in the human respiratory 
tract. Attempts were made to culture nasal epithelial cells according to the method of 
Steele & Arnold (1985). Although variations were made on their method, the cells failed to 
proliferate or rapid fibroblast overgrowth was encountered. These included the use of 3T3- 
conditioned medium and the use of growth factors. Due to this, experimental emphasis was 
focused on the rat tracheal cells.
Tracheal epithelial cells have been used to study pulmonary carcinogenesis by a 
number of workers (see Van Scott, Yankaskas & Boucher, 1986). This system employed 
normal, primary epithelial cells from the respiratory epithelium which is an important 
target in humans for environmental carcinogens. Although the cells appear to lose their 
differentiation under the culture conditions employed (perhaps reverting to basal cell 
types), similar cell cultures retain the ability to differentiate into a mucociliary epithelium 
when transplanted in vivo in denuded tracheas (Terzaghi, Nettesheim & Williams, 1978) 
and in vitro under appropriate culture conditions (Wu, 1985).
Tracheal cells were cultured in the serum-free medium developed by Wu (1985) 
with the addition of 3T3-conditioned Dulbecco’s MEM. The cells began to rapidly 
proliferate after 24 hours in culture. Examination of the cultures by autoradiography 
during successive 24 hour periods, revealed that there was an increasing number of S-phase 
cells with time. This is consistant with earlier reports of rapid proliferation of rat tracheal 
epithelial cells after the first 24 hours in culture (Gray et al., 1983; Mass et al., 1985).
Cultured rat tracheal epithelial cells were exposed to a range of carcinogenic and
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non-carcinogenic chemicals in an attempt to induce nuclear enlargement. As the cells were 
treated after 3 days in culture they were rapidly multiplying. This is reflected in the 
distributions of the solvent control cultures which do not show any increases in size over 
the time points examined, which would be expected if there was an increasing cell turnover.
With the exception of those cultures treated with nitroquinoline-A-oxide, all 24 
hour cultures had a shift in the nuclear size distribution curve to the left of control. This 
included the non-carcinogenic chemicals pyrene and anthracene. It has been shown that 
nuclear size is related to the amount of DNA within the nucleus. The shift in the nuclear 
distribution curve to the left of controls may indicate an decrease in relative DNA content. 
This could be due to a growth inhibition, with associated decreases in relative numbers of 
cells in G2. Grant & Gras so (1978) investigated the ability of various chemicals to induce 
nuclear enlargement in HeLa cells. Growth inhibition was observed, assessed by counting 
the number of cells per ml., but no shift in the nuclear area distribution was reported, 
although only mean values of the nuclear area were given without overall distribution 
figures. Finch, Evans & Bosmann (1980) studied nuclear enlargement in HeLa cells using a 
Coulter Counter to measure nuclear volumes. These workers did not examine the effects 
of the test chemicals on cell growth but did examine overall nuclear distribution curves. 
They did not report any shift in nuclear size distributions to one of smaller nuclei. Pyrene, 
anthracene and benzo(a)pyrene have been reported to inhibit the growth rate of mouse 
ascites sarcoma cells in culture (Pilotti et a l, 1975). Thus, there may be a transient 
inhibition of cell growth caused by exposure to the test chemicals, which is reversed upon 
their removal.
A number of proximate carcinogens were tested for their ability to induce nuclear 
enlargement in rat tracheal epithelial cells. The in vivo effects of nitrosopyrrolidine were 
discussed in section 3.5 and will not be repeated here. Nitrosopyrrolidine appears to induce 
a slightly increased nuclear size 72 hours after treatment which is in agreement with the in 
vivo tumouiigenicity in rats. Dimethylnitrosamine is carcinogenic in all animal species 
tested, inducing predominantly tumours of the liver, kidney and respiratory tract (lARC, 
1978). Dimethylnitrosamine induces DNA repair in rat tracheal cells after inhalation 
exposure (Doolittle et al., 1984) and in vitro exposure at the same concentration as used in 
this study (Doolittle & Butterworth, 1984). At 72 hours there was an increase in the 
nuclear size in cultures treated with 10 «M nitrosopyrrolidine, but this was not as apparent 
at the higher doses despite increases in median and 95th percentile values. There was a 
more apparent increase with cultures treated with all concentrations of 
dimethylnitrosamine at both 72 and 120 hours. The results of the nuclear enlargement 
assay would then appear to be consistant with the in vivo and UDS data.
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Benzo(a)pyrene is a potent carcinogen which is used extensively as a model 
carcinogen (lARC Suppl. 4). It does not, however, induce UDS in tracheal cells in vitro 
(Doolittle & Butterworth, 1984) nor induce tumours following in vivo application (see 
section 4.4). After 72 hours there was a pronounced increase in nuclear sizes at a dose level 
of 1 0 0 but little at the lower concentrations. There was a noticeable increase in nuclear 
sizes after 120 hours in cultures treated with 0.1 and 1 benzo(a)pyrene, but not at the 
higher concentrations. These findings are clearly contradictory to the in vivo effects and the 
results of UDS studies in tracheal cells.
The reason for this contradiction in results is not readily apparent. Cultured cells 
may be more sensitive to the effects of chemical carcinogens due to the absence of the 
mucociliary escalator, allowing prolonged contact of the carcinogen with the cells, and so 
an increased chance of adsorbance into the cell. The size of a nucleus is closely related to 
its DNA content but there may increases in other nuclear constituents which result in a 
corresponding increased nuclear size (section 1.7). Benzo(a)pyrene may cause changes in 
these constituents in a manner which is unrelated to its carcinogenicity.
7,12-Dimethylbenz(a)anthracene has been shown to be a potent carcinogen in rat 
trachea both in vivo and in vitro (Marchok & Martin, 1987). It induced a very noticeable 
decrease in nuclear size at a concentration of 1(X) ^ M after 24 hours which was probably 
due to toxicity as the nuclei were very small and dark. There were prominant shifts in the 
distribution curves at 72 and 120 hours indicating large increases in nuclear size. These 
appeared to be greater at 72 hours. This is consistant with the reported effects of this 
carcinogen on the trachea.
Nitroquinoline-A-oxide causes an increase in UDS in tracheal cultures (Ishikawa, 
Takayama & Ide, 1980; Wilmer, Leeman & Feron, unpublished results; Hesterberg et al., 
1988). It was found that concentrations of nitroquinoline-A-oxide greater than 10^M  were 
toxic to tracheal cells. This carcinogen alone did not cause a preliminary decrease in 
nuclear size at 24 hours, but caused a shift in the distribution to the right of control. This 
was most obvious at the 1 ^M  concentration. There was also a definite movement in the 
distribution curve at 72 and 120 hours for the 0.1 jiM treated cultures and at 72 hours alone 
for the 1 AM treated sample. Again the results are consistant with the known effects of 
nitroquinoline-A-oxide.
The proximate carcinogens nitrogen mustard and methyl methanesulphonate were 
also tested for their ability to induce nuclear enlargement. Nitrogen mustard induces an 
increased incidence of local tumours following skin painting and lung tumours in mice
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following subcutaneous, intraperitoneal or intravenous injections. Subcutaneous injections 
to rats induces a variety of tumours (lARC Suppl. 4). Methyl methanesulphonate is 
carcinogenic in rats following subcutaneous and intraperitoneal injection, producing local 
tumours and tumours of the nervous system (lARC, 1974). Methyl methanesulphonate 
produced similar results to nitrogen mustard with a reduction in overall nuclear size after 
24 hours followed by an increase at 72 and 120 hours in culture. This was most prominant 
after 120 hours for nitrogen mustard exposed cells, but was maximal at 72 hours for methyl 
methanesulphonate.
The non-carcinogenic analogues pyrene and anthracene were examined for their 
ability to increase nuclear size. These failed to induce any nuclear enlargement in the 
system used.
In nuclear enlargement studies which employed HeLa cells (Agrelo, 1978; Grant & 
Grasso, 1978; Finch, Evans & Bosmann, 1980), the maximum enlargement was seen after 
48 hours and had virtually reversed after 72 hours. In this study the 48 hour time point was 
not examined, but nuclear enlargement was visible at 72 and 120 hours after exposure, in 
some cases (nitrogen mustard, dimethylnitrosamine) increasing during this time. The 
length of the HeLa cell cycle is about 24 hours (Freshney, 1983). If nuclear enlargement is 
due to endoreduplication, this indicates that after 2 cell cycles the mitotic inhibition has 
been removed. Unfortunately, there are no reported values for the cell cycle time of rat 
tracheal cells in culture, but the cultures used in this study reached confluency in about 10 
days. From this it can be estimated that the cell cycle time is between 24 and 36 hours or 
greater. If it is the greater of these figures, then the later appearance of nuclear 
enlargement may be due to the longer cell cycle time.
There may be some toxicity to the tracheal cells at the higher doses used. The 
evidence for this is the initial rise in the increase above control values for both medin and 
95th percentiles. This is followed by a gradual drop in the response.
It would thus appear that induction of nuclear enlargement in tracheal cell cultures 
is consistant with the potential carcinogenicity of the chemical. This is with the exception of 
benzo(a)pyrene, which although not tumourigenic in rat trachea, gave a positive response 
in this assay.
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6. DISCUSSION
6.1 Nuclear Enlargement in Respiratory Epithelial Cells - Overview of Work Done
The aim of this project was to examine carcinogen-induced nuclear enlargement in 
the respiratory tract in an attempt to (i) provide further evidence that nuclear enlargement 
is a reliable marker of carcinogenesis; and (ii) examine nuclear enlargement in respiratory 
epithelium as a possible screen for respiratory carcinogens.
The first approach to this problem was to use an in vivo model: an attempt was 
made to induce nuclear enlargement in the nasal cavity of rats following treatment with an 
irritant gas and a carcinogen. Although nasal cancer is relatively rare in man, high rates are 
known to occur in certain occupational groups, for example woodworkers in furniture 
industry (Wilhelmsson & Lundh, 1984), boot and shoe workers (Acheson, \ ^ 1 ^ )
and Nickel workers (Torjussen, Solberg & Hogetveit, 1979). Nasal cancer is 
more common amongst rodents (Reznik-Schuller, 1985) and, as these are obligate nasal 
breathers, cancer in the nasal region may be indicative of possible tumours in regions lower 
down the respiratory tract in man.
Carcinogen-induced nuclear enlargement is best demonstrated when the tissue 
involved has been undergoing rapid replication (Ingram, 1979). It was thus felt that it 
would be necessary to induce a hyperplastic reaction in the respiratory tract of the 
experimental animals to optimise the response. The most practical way of doing this was to 
expose the animals to an atmosphere containing an irritant gas. Sulphur dioxide, at a dose 
level of 25 ppm for 6 hours/day, was found to induce a hyperplastic reaction in the nasal 
cavity of rats. No irritation was seen in the tracheas of exposed rats since sulphur dioxide is 
a very water soluble gas and is probably rapidly absorbed in the nasal cavity, with very little 
reaching the lower regions of the respiratory tract.
Nuclear size measurements were performed using a Quantimet Q920. This provided 
the information regarding the distribution of the nuclear sizes in the form of a histogram. 
The data from individual replicates were combined and the cumulative percent for each 
bin size calculated. These were then replotted as the bar charts given in the results sections. 
Median and 95th percentiles were calculated for each cumulative distribution.
The median (or 50th percentile) is the point which splits the data into two equal 
halves. This measure of central tendency was employed in preference to the mean as the 
distribution of the nuclear size data was not symmetrical, but skewed to the right. This 
would cause any exceptionally large nuclei to have a greater influence on the mean rather
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than median. The 95th percentile for each cumulative distribution was also calculated as 
this figure is more sensitive to increases in the numbers of extremely large nuclei. An 
increase in the number of large nuclei would have only a minor effect on the median but 
would lead to a much more dramatic change in the 95th percentile.
A non-parametric test of statistical significance was used, again because the data 
was skewed and the underlying population could not be assumed to be normal. The 
selection of the test used was based upon the nature of the data printout, and the desire to 
compare the test and control distributions as a whole. This test compares the expected 
frequencies in each size class (taken as the control sample in each experiment) with the 
observed (the test chemical size distribution).
It appears from the results of this experiment that there was some indication of an 
increase in nuclear size, more predominantly at 24 or 72 hours after the start of exposure 
to the nitrosamines. The reversal of the effect by 120 hours may have been due to the loss 
of the normal cilitated mucosal epithelium to a metaplastic epithelium, and subsequent 
loss of metabolic capability.
Attempts were also made to study the effects of carcinogens in cultured respiratory 
epithelial cells. The culture of nasal turbinate cells (either as tissue cultures or isolated 
cells) was not successful, however tracheal rings and isolated tracheal epithelial cells were 
cultured. In both these models the epithelial cells were already rapidly growing, so no 
further treatment was necessary to induce a hyperplastic response. Exposure of tracheal 
rings to benzo(a)pyrene failed to produce any nuclear enlargement during the time period 
examined. This was expected as benzo(a)pyrene is not tumouiigenic in rat trachea in vivo. 
Nitroquinoline-A-oxide and dimethylnitrosamine are both potent carcinogens in the 
respiratory tract, and both induced nuclear enlargement. A number of carcinogens and 
non-carcinogens were also tested for their ability to induce increases in nuclear size in 
primary tracheal epithelial cell cultures. The results obtained were generally in agreement 
with the tumourigenicity of the test chemicals. The exception to this, however, was 
benzo(a)pyrene. This chemical produced a significant nuclear enlargement, in spite of its 
known lack of tumourigenicity in rat trachea.
6.2 Nuclear Enlargement - Qccurance and Significance
Increases in cell ploidy routinely occur as part of the normal physiological process. 
The polyploidy of liver found in adult livers of many mammalian species (Carrière, 1969) 
begins a few days after birth and progresses thereafter, until a steady state is reached. In 
rats this is approximately 12-14 months of age (Carrière, 1969). Age-related
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polyploïdisation has been observed in some other mammalian tissues, for example smooth 
muscle cells in the arterial tree of rats and man (Owens & Schwartz, 1982; Barret et a l, 
1983) and human comeal endothelium (Ikebe et a l, 1986), but more particularly in those 
tissues with a secretory function (Brodsky & Uryvaeva, 1977).
Increases in DNA content (and hence nuclear size) can also be caused by 
pathological states. For example, an acceleration in the development of high ploidy levels 
occurs in the liver of rats and mice after partial hepatectomy (James et al., 1966), by 
inducers of mixed function oxidase activity (Schulte-Hermann, 1974), and following chronic 
cadmium treatment (Peereboom-Stegman & Morselt, 1981). In rat arterial smooth muscle 
cells there is an increase in ploidy levels with hypertension (Owens & Schwartz, 1982) and 
following catecholamine infusion (Yamori etal., 1987).
Normal, physiological increases in ploidy rarely exceed octaploidy in liver (Carrière, 
1969; Gras so, personal communication) and are usually an exact multiple of the diploid 
DNA content. In contrast, the ploidy increases induced by carcinogen treatment are often 
associated with aneuploidy and may exceed 32n DNA content. There is also an increase in 
the proportion of nuclei containing the greater ploidy levels. In terms of nuclear size 
distribution, a carcinogen would cause a broadening of the distribution with a shift in the 
peak to an increased nuclear size. Non-carcinogens, in contrast, would not cause such a 
broad spread of sizes and the majority of the distribution would be the same as untreated 
controls.
A growing body of evidence from human and animal cell cytogenetics indicates that 
there is an association between cancer and ploidy increases (Oshimura & Barrett, 1986). 
Nuclear enlargement has frequently been reported in cultured cells or in a variety of target 
tissues in vivo after short-term treatment with carcinogens (see section 1.6). Ploidy 
increases are also reported in epithelial tumours. For example, in mouse skin carcinomas 
induced by 7,12-dimethylbenz(a)anthracene there is a progressive increase in nuclear area 
with corresponding increases in ploidy levels and histopathological atypia (Aldaz et a l, 
1987). Rat tracheal epithelial cell cultures exposed to N-methyl-N'-nitro-N- 
nitrosoguanidine show increases in DNA content with progression from preneoplastic to 
neoplastic, tumourigenic populations in vitro (Braslawsky etal., 1982). 7,12- 
Dimethylbenz(g)anthracene-induced oral carcinogenesis in hamsters also shows an 
increased nuclear size with progression from a premalignant to malignant lesion (White, 
Codd & Gohari, 1985). Increases in nuclear size with malignancy are also observed in 
human cancers (Rigaut etal., 1982).
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6.3 The Mechanism of Increased DNA Content and Subsequent Nuclear Enlargement
The nature of the increase in nuclear size is uncertain. Although nuclear size may 
increase as a result of increases in protein content or DNA configuration (see section
1.7.2), the size of the nucleus is accepted as being more closely related to its DNA content 
(Carrière, 1969). Increases in DNA content can occur either as an exact multiple of the 
normal diploid DNA content (polyploidy) or as a fraction of the diploid content (such as 
an individual chromosome) which is known as aneuploidy. Changes in ploidy occur as a 
consequence of the normal course of mitosis being blocked, or an omission of certain 
phases in the mitotic cycle (Rudkin, 1973).
A specialised form of increased ploidy is caused by endoreduplication. This is 
defined as a type of chromosome duplication that occurs without any mitosis, and appears 
as a double, triple or multiple duplication of interphase chromosomes. Complete or partial 
endoreduplication can occur (Johnston et a i, 1986). Endoreduplication may be established 
with certainty, if it is followed by a normal mitosis in which the reduplicated chromosomes 
reveal themselves as diplo- or quadruplochromosomes (Speit, Mehnert & Vogel, 1984). 
Endoreduplication may occur spontaneously or be induced by a variety of chemical and 
physical treatments (Speit, Mehnert & Vogel, 1984), but generally occurs: a) as a 
consequence of inhibition of normal DNA synthesis (Huang, Chang & Trosko, 1983; 
Johnston et al., 1986); b) after cells are arrested in G2-phase as a consequence of DNA or 
chromosomal damage (Lucke-Huhle, 1983); or c) following abnormal changes in the cell 
membrane or cytoskeleton (Sutou & Aral, 1975).
The work of Banerjee (1965) and Ingram & Grasso (1977) suggest that nuclear 
enlargement occurs when mitosis is inhibited by treatment with a carcinogen (a block in 
G2) while DNA synthesis continues. Iversen, Ljunggren & Olsen (1988) have examined the 
early effects of a single application of 7,12-dimethylbenz(a)anthracene on mouse 
epidermis. At doses of 100-780 nmol there was an initial reduction in both DNA synthesis 
(which is a common feature of carcinogens; Oehlert, 1973) and in mitotic activity, followed 
by a pronounced hyperplasia some 3-5 days later. At 33-50 nmol the reduction of DNA 
synthesis and mitotic activity was less pronounced, and the ensuing hyperplasia more 
moderate. At a dose of 17 or 25 nmol, there was an initial decrease in the mitotic rate but 
no effect on the rate of DNA synthesis. This was accompanied by an increase in the 
number of cells in G2 (Iversen, Ljunggren & Olsen, 1988). The occurance of a G2 block in 
both these studies, together with the transient inhibition in DNA synthesis seen by Iversen, 
Ljunggren & Olsen (1988), indicates that the increases in nuclear size are caused by 
endoreduplication. However, no examination was made of mitotic figures or DNA content, 
and as such it cannot be certain whether the nuclear enlargement is due to polyploidy,
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aneuploidy or endoreduplication.
Increases in the amount of nuclear DNA can be caused by alterations in the 
replication of DNA, or perturbations in the mitotic apparatus. A number of treatments 
have been shown to cause rereplication of DNA, in both prokaryotes and lower eukaryotes 
(see Schimke et al., 1986). A common feature of all these treatments is the production of a 
transient of DNA synthesis. For example, Mariani & Schimke (1984) showed that in 
synchronized CHO cells, when DNA synthesis was inhibited by hydroxyurea during hour 2 
of S phase, DNA synthesised before the block, was rereplicated once the block was 
removed. Agents which introduce adducts into DNA {e.g. UV light and carcinogens) 
transiently inhibit and facilitate gene amplification (Tlsty, Brown & Schimke, 1984) and 
may induce overreplication of DNA (Billen, 1969). Transient inhibition of DNA synthesis 
was subsequently shown to result in a large number of chromosome aberration- 
rearrangements in the first mitosis after inhibition of DNA synthesis. These aberrations 
included normal chromosomes with extrachromosomal DNA, increased frequencies of 
sister chromatid exchanges, polyploidisation, breakage-biidge fusion chromosomes and 
gapped-fragmented chromosomes (Hill & Schimke, 1985). Most significant is their 
observation that the cells in which the chromosome alterations are observed are derived 
from a subset of treated cells that contain greater than the G2 amount of DNA.
The association between abnormal nuclear DNA content and cancer can be 
illustrated by a number of other observations. There is an increased risk of tumour 
development associated with certain congenital aneuploidies. For example, individuals 
with Down’s syndrome (trisomy 21) have a greater risk of leukemia (Porter & Paul, 1974). 
Numerous studies have shown the presence of aneuploidy in human and animal tumours 
(Aldaz etal., 1987; Atkin, 1987; Conti e ta l,  1986; Evans, 1985; Weiss e ta l ,  1981). The 
association of cellular protooncogenes with specific chromosome translocations in tumours 
has demonstrated that chromosome mutations are involved in the activation of genes in 
carcinogenesis (Klein, 1983; Mitelman, 1983). A number of nonrandom numerical 
chromosome changes also occur in human and rodent tumours (Oshimura & Barrett,
1985). The finding that the same chromosome change occurs in different histological types 
of tumours induced by different chemicals is consistant with the common role of this 
change in tumourigenesis. Examples of the types of changes which occur in a variety of 
chemically-induced tumours are trisomy 15 in murine leukemia and lymphoma; trisomy 8 
in human leukemias; trisomy 2 in sarcomas, carcinomas and leukemias in rat (Oshimura & 
Barrett, 1986). It has been suggested that aneuploidy, and chromosomal changes in 
general, play a role only in the later stages of malignant progression (Sandberg, 1980). For 
example, in about 80% of patients with chronic myelolytic leukemia (CML), in addition to
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the specific translocation between chromosomes 9 and 22 that results in the Ph  ^
chromosome, there is additional trisomy of chromosomes 8, 17 and 19 and an additional 
Ph  ^chromosome during the bias tic phase of the disease (Sandberg, 1980). Thus, it is 
assumed that the chromosome changes during the blastic phase are secondary. However, a 
considerable number of tumours have numerical chromosome changes as the sole 
karyotypic changes not only in the tumour, but also in premalignant conditions. Thus, 
aneuploidy may be associated with a primary event of carcinogenesis in some cancers as 
well as a later change in other tumours.
Further evidence for a chromosomal mechanism in carcinogenesis has been 
provided by work in vitro. Cowell & Wigley (1980) found that all mouse salivary gland cells 
that can grow to produce tumourigenic lines arise from tetraploid populations. They 
conclude that the generation of tetraploid cells may be an important mechanism in the 
development of malignant disease. Studies have also been performed on relatively early 
cell cultures (Vanderlaan, Steele & Nettesheim, 1983). These authors showed that 40 days 
after exposure to N-methy 1-N’-nitro-N-nitrosoguanidine, in cultured rat tracheal epithelial 
cells there was a regular, extensive aneuploidisation. They concluded that chromosomal 
instability (leading to aneuploidy and polyploidy) is an important early event in the process 
of neoplastic transformation (Vanderlaan, Steele & Nettesheim, 1983).
Tsutsui et al. (1983), using Syrian hamster embryo cells, showed that 
diethylstilbestrol, a synthetic oestrogen and a human carcinogen, induced morphological 
transformation (the first detectable alteration in neoplastic progression) without causing 
detectable mutations (as monitored at the HPRT and Na'*'/K'*'-ATPase loci). No evidence 
for direct DNA damage by diethylstilbestrol under conditions required for cell 
transformation could be found by measuring DNA repair, chromosome aberrations or 
sister chromatid exchanges (Tsutsui et al., 1983). However, diethylstilbestrol is a potent 
inducer of aneuploidy. Thus, the results of this experiment suggest that induction of 
aneuploidy may be the key mechanism in diethylstilbestrol-induced cell transformation 
(Tsutsui et al., 1983). Similar results have also been obtained for colcemid (Tsutsui,
Maizumi & Barrett, 1984) and vincristine (Tsutsui et a l, 1986).
Another type of substances that may induce cell transformation by induction of 
numerical chromosomal changes is asbestos and other mineral dusts. Different types of 
asbestos, mineral dusts and glass fibres are able to transform Syrian hamster cells in vitro, 
in a manner which is dependent on the dimensions of the fibre (Hesterberg & Barrett,
1985), but fail to induce measurable gene mutations (Oshimura et a l,  1984). They do, 
however, induce numerical and structural chromosome abnormalities in a dose-dependent
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manner. The ability to induce chromosome abnormalities, particularly aneuploidy, is 
dependent on fibre dimensions, in a manner similar to the induction of cell transformation 
(Oshimura et al., 1984). The correlation between the induction of cell transformation and 
aneuploidy suggests a possible mechanistic role, a conclusion supported by the nonrandom 
numerical change (trisomy of chromosome 11) found in most asbestos-induced Syrian 
hamster cell lines at an early preneoplastic stage (Oshimura, Hesterberg & Barrett, 1985).
Fluorescent light irradiation of "baby mouse skin cultures" induces altered-cell foci 
(Cooper, Marshall & Masinello, 1982a) which contain tetraploid or subtetraploid 
chromosome numbers in early cell cultures and develop neoplastic characteristics in long­
term culture (Cooper, Marshall & Masinello, 1982c). These authors also showed that 
growth of the baby mouse skin cultures in the presence of colchicine, which does not inhibit 
DNA synthesis, enhanced the formation of these foci (Cooper, Marshall & Masinello, 
1982b). Furthermore, the enhancing effect of the colchicine was blocked by the action of 
hydroxyurea, and thus appears to depend on DNA synthesis followed by mitosis. The 
authors suggested that pre-existing damage, caused by irradiation, was expressed as a result 
of gene reshuffling induced by the effects of colchicine on the mitotic apparatus (Cooper, 
Marshall & Masinello, 1982b).
Although the mechanism by which inhibition of DNA synthesis can lead to 
rereplication of DNA is unsure, Schimke et al. (1986) have suggested that an important 
parameter in "inducing" overreplication is the length of time replication is inhibited.
During this time, at least six proteins accumulate including dihydrofolate reductase. The 
accumulation of these proteins could be due to increased levels of dihydrofolate reductase 
mRNA of to decreased degradation of the protein (Johnston et al., 1986). These proteins 
may be involved in the regulation of DNA synthesis and elevated of these proteins allows 
the subsequent overreplication of DNA.
The efficient maintenance, replication and transmission of genetic information at 
the chromosomal level requires three structural entities (Zakian, 1983): a) origins of DNA 
replication required for duplication of chromosomes (Struhl et al., 1979); b) centromeres, 
which are sites of microtubule attachment necessary for chromosome segregation (Clarke 
& Carbon, 1983); and, c) telomeres, the physical ends of chromosomes essential for the 
integrity of linear chromosomes (Szostak & Blackburn, 1982). Chemical or physical 
treatments which modify the synthesis or functioning of these structures or other division- 
related events will alter or inhibit the mitotic phase and may lead to the production of cells 
with abnormal numbers of chromosomes (both whole chromosome sets and individual 
chromosomes). The centromere is a particularly important portion of the chromosome.
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Several studies have concluded that aneuploidy can result from out-of-phase separation of 
chromosomes owing to failure of the centromere to separate or to premature separation 
prior to spindle formation (Mehes, 1978; Vig, 1983,1984; Ford & Lester, 1982).
Nucleolar organising regions (NORs) are the chromosomal regions which encode 
for ribosomal genes (Hermandes-Verdun, 1983). In the interphase nucleus, NORs form the 
nucleolus which is the site of active rRNA transcription. During mitosis the nucleolus must 
disappear prior to metaphase. Persistance of the nucleoli or nucleolar remnants results in 
failure of the sister chromosomes to separate and hence nondisjunction (Evans, 1967).
Chemicals or physical agents may damage the elements of the chromosome 
necessary for normal disjunction (Bond & Chandley, 1983), for example through DNA 
adducts or DNA-protein cross-linking.
Aneuploidy can also result from an increase in chromosome stickiness. This may 
arise, for example, when DNA intercalators, which do not cause chromatid breaks or 
exchanges (such as ethidium bromide and actinomycin D), induce entanglement of 
chromatin fibres between unrelated chromosomes owing to premature condensation prior 
to mitosis (McGill, Pathak & Hsu, 1974; Pathak, McGill & Hsu, 1975).
Chemicals that effect tubulin and microtubules are effective inducers of aneuploidy. 
The most well known and extensively studied chemicals are colchicine and its derivative 
colcemid which bind to and inhibit the polymerisation of tubulin (Margolis, Rauch & 
Wilson, 1980). Colchicine and colcemid induce a variety of chromosomal aberrations 
(Oshimura & Barrett, 1986) including aneuploidy in mammalian cells in culture (Tsutsui, 
Maizumi & Barrett, 1984). Diethylstilbestrol has colcemid-like activity, inducing mitotic 
arrest, abnormal mitotic division (Parry, Danford & Parry, 1982) and aneuploidy in 
mammalian cells (Tsutsui et a l, 1983). Diethylstilbestrol binds to and inhibits 
polymerisation of hamster tubulin in vitro (Sharp & Parry, 1985) and inhibits microtubule 
organisation (Tucker & Barrett, 1985). Other naturally occuring and synthetic oestrogens 
have been shown to also induce mitotic inhibition and aneuploidy in Chinese hamster cells 
by inhibiting polymerisation of tubulin (Wheeler et al., 1986). Diphenylhydantoin also 
inhibits tubulin polymerisation and induces aneuploidy (De Oliveira & Machado-Santelli, 
1987).
In contrast, taxol binds to tubulin and promotes the formation of mictrotubules by 
enhancement of polymerisation of tubulin (Schiff, Fant & Horowitz, 1979). This chemical 
induces mitotic arrest and aneuploidy in Chinese hamster cells (Satya-Prakash, Hsu &
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Wheeler, 1984).
In addition to direct binding to tubulin and microtubules, other mechanisms exist by 
which chemicals can affect the functioning of mitotic spindle. Griseofulvin may prevent 
microtubule-associated proteins from combining with microtubules, thus disturbing a 
sliding function of microtubules (Roobol, Gull & Pogson, 1976) which is possibly a central 
feature of chromosome movement (McIntosh, Hepler & van Wie, 1969).
Agents that affect sulphydryl groups may also induce aneuploidy (Onfelt, 1987). 
Methylmercury chloride (which has a high affinity for sulphydryl groups) causes mitotic 
arrest in mammalian cells (Onfelt, 1983). Tubulin has several sulphydryl groups important 
for microtubule assembly, tubulin may be one of the targets of sulphydryl-reactive 
compounds such as methylmercury. There is also evidence that sulphydryl groups are 
involved in the process of chromosome condensation (Ord & Stocken, 1966). Carbaryl, 
which induces aneuploidy in cultured cells, may decrease cellular glutathione and protein 
sulphydryl groups (Onfelt, 1983). Glutathione peroxidase activity is increased in cells 
treated with carbyl and methyl mercury. Increases of this enzyme are associated with 
increased lipid peroxidation, and it may be that aneuploid induction by these chemicals 
involves indirect effects of lipid peroxidation (Onfelt, 1987).
The centriole is also a potential target for aneuploidogens. Diazepam which induces 
mitotic arrest and aneuploidy in a diploid Chinese hamster cell line (Hsu, Liang & Shirley, 
1983), may block mitosis by inhibiting the separation of centrioles without affecting the 
microtubular integrity (Andersson et a l, 1981).
The nuclear membrane, which acts as an attachment point for the chromosome and 
is important in the control and regulation of spindle formation (Paweletz, 1981) is also a 
potential target for aneuploidogens. It also sequesters Ca^ "*" ions and might play a role in 
regulating this ion. The transition from metaphase to anaphase is accompanied by by ionic 
changes, particularly in Ca^ "*" ions (Wolniak, Helper & Jackson, 1983), thus any changes in 
Ca^ "^  ion concentration could affect mitosis. In lower eukaryotes, membrane-damaging 
agents are known inducers of aneuploidy, but it is not known whether these induce 
aneuploidy in mammalian cells (Oshimura & Barrett, 1986).
6.4 Relationship Between Nuclear Enlargement and Cancer
Although the exact mechanism that causes an increased nuclear size is uncertain, it 
is clear that the carefully controlled cell proliferation seems to have been disturbed in 
some non-systematic way after carcinogen treatment, of which one effect is alteration in
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DNA content of cells.
In the previous sections it has been suggested that a chain of events extends from 
perturbation of DNA replication to increases in nuclear DNA (and hence in nuclear size) 
and to malignant conversion of cells. Regardless of the exact mechanism of the 
perturbation, increased DNA content can have a number of consequences.
Trisomy of a chromosome with a dominant gene will result in an increase in the 
product of that gene. For example, in humans duplication of the segment of chromosome 
14 increases the activity of erythyrocyte nucleoside phosphorylase activity by 150-170% of 
normal (George & Franke, 1976). The activity of acid a-glucosidase is consistantly higher 
in embryonic cells with a duplication of the long arm of chromosome 17 bearing the gene 
(Sandison, Broadhead & Bain, 1982). Similarly, monosomy may result in decreased 
expression of a gene product (Francke et a l, 1977). Changes in the rate of gene expression 
may also result from aneuploidy. For example, in human meningioma cells with a missing 
chromosome 22, a compensation between the nucleolus organising regions is observed 
when an active region is lost (Zankl, Huwer & Zang, 1983). Aneuploidy may result in 
alterations in regulatory genes causing changes in expression in another gene.
Chromosome loss from nontumourigenic hybrids between normal and malignant cells 
results in the expression of tumourigenicity (Stanbridge et al., 1981; Stoler & Bouck, 1985). 
Studies with cells in culture suggest that chromosome loss is a major mechanism for 
expression of recessive mutations in mammalian cells (Campbell & Worton, 1981; Eves & 
Farber, 1983).
Aneuploidy may indirectly lead to phenotypic changes by increasing genetic 
instability. For example, cells from individuals with Down’s syndrome (trisomy 21) are 
more sensitive to x-ray and bleomycin induced chromosome-type aberrations (Sasaki, 
Tonomura & Matsubara, 1970). The mechanisms for this effect are uncertain, however 
aneuploidy may alter DNA repair or increased mutagen sensitivity by increasing target 
size; e.g. in a cell with trisomy for a specific genetic locus, the rate of mutation may be 
increased by up to twofold simply because of the increased number of copies of that gene 
(Oshimura & Barratt, 1986).
6.6 Conclusions
The purpose of this investigation was to attempt to induce nuclear enlargement in 
respiratory epithelial cells, with a view of using this assay as a short-term test for 
respiratory carcinogens. Three complementary approaches were used: concommitant 
exposure to sulphur dioxide and nitrosamines in vivo; the use of tracheal tissue culture; and
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the use of isolated tracheal epithelial cells.
Each of these models has been shown to have its own merits. The use of in vivo 
methods allows the maintenance of all physiological and immunological interactions that 
might effect the tumourigenicity of a substance. Test animals can also be exposed to the 
test substance the same as the anticipated route of human exposure. However, whole- 
animal studies are expensive and relatively difficult to perform, and the number of varients 
can not be easily controlled. Tissue culture allows the interaction between cells in the 
tissue, but immunological functions are missing. However, multiple samples can be 
prepared from one animal and it is possible to investigate a number of variations on the 
effects of tissue samples from one animal. The use of primary cell cultures allows the 
generation of many more samples from one animal, keeping variations to a minimum. 
However, there are no interactions between different cell types (assuming a heterogeneous 
culture) and no physiological or immunological modifiers present. In both tissue culture 
and cell culture, exposure to the samples is via addition to growth media, which does not 
allow tissue-tissue interactions which could be important if the test chemical is metabolised 
in a different organ or tissue to the one under investigation, prior to exerting its effects, 
although this is unlikely for respiratory carcinogens. Both in vitro systems are relatively 
quick and cheap, although tissue culture still requires histological preparation prior to 
nuclear size measurements. This suggests that each of the three models used in this study 
may be useful as a test system for carcinogen-induced nuclear enlargement in the 
respiratory epithelium. However, results suggest that, because of the morphology of nuclei 
in culture and in vivo, the primary epithelial cell cultures may be more sensitive to changes 
in nuclear DNA content and so produce greater changes in nuclear size. The use of 
intraperitoneal administration of carcinogens would have reduced the amount of 
carcinogen available at the site of interest, and so theoretically reduced the amount of 
nuclear enlargement seen. Further experimentation needs to be performed to examine the 
early lesions produced in the respiratory tract following exposure to gaseous carcinogens.
Further work also needs to be performed to answer the question of the place of 
nuclear enlargement in tumourigenesis. Is it associated directly with carcinogenesis or 
merely a parallel, but unrelated, relationship? How does nuclear enlargement fit with the 
multistage theory of carcinogenesis? Is it an initiation or promotion related event, or both? 
If an initiator is applied at a dose level which does not induce a hyperplastic reaction, does 
nuclear enlargement occur when a promoter is applied some weeks later? Are cells 
containing enlarged nuclei able to overcome the block to form a clone, or do the relatively 
unaffected cells become tumourigenic? If some of these questions can be answered the 
may provide further insights into the cause of carcinogenesis, as well as further validate
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nuclear enlargement as a test for carcinogens.
To conclude, there appears to be further evidence that exposure to carcinogens can 
lead to increased nuclear size, above that produced by a concomitant hyperplastic control, 
in the respiratory tract of rats, and this may be useful as a tissue-specific short-term test for 
carcinogens. Whether nuclear enlargement results in aneuploidy or polyploidy is less 
important, and may be regarded as a mere epiphenomenon. The fact that changes occur in 
nuclear size indicates that there is an increased genetic and/or kinetic liability, which may 
prove essential in carcinogenesis.
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